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ABSTRACT
Beef tenderness and color stability were evaluated in 
conventional and modified atmosphere packaging (MAP) 
systems. Equal portions of inside rounds removed 
immediately (PMO) or at 4 8 h postmortem (PM48) were vacuum 
packaged (VP) whole or cut into steaks and packaged in 
80%N2:20%C02 MAP. On day 12, MAP environments were 
exchanged for 80%O2:20%C02. Calpastatin activity was lower 
at 2 d postmortem for PM48 steaks than PMO steaks. 
Electrophoresis indicated more degradation of 50 and >250 
kDA compounds at 2 d postmortem for PM48 than PMO steaks. 
Steaks from PM48 required less shear force than PMO steaks. 
HunterLab 'L', 'a' and ' b' values were higher for PM48
steaks versus PMO steaks.
The lethality of ozone to Escherichia coli (E. coli) 
and Pseudomonas aeruginosa was investigated using four ozone 
concentrations (0, 100, 1000, 5000 ppm) and three exposure 
times (1, 10, 50 m i n ) . No differences were detected between 
0, 100, or 1000 ppm ozone in log CFU on plates, 5000 ppm 
resulted lower log CFU. Exposure time had no effect. The 
experiment was repeated with ozone concentration levels of 
0, 1000, 2500, and 5000 ppm. No difference was detected 
between 0 and 1000 ppm ozone for log CFU per petri dish. 
Concentrations of either 2500 or 5000 ppm significantly 
reduced E. coli and Pseudomonas counts.
ix
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Ground beef (85% lean) was coarsely ground and VP or 
finely ground (3.2 mm), formed into 113 g patties and 
packaged in various modified atmospheres (MAP) of 
80%02:20%CO: (02) ; 80%N2:20%CO2 (N2) ; or 20%CO2: 2 . 5%02: 77 . 5%N2
ozonated with 2500 ppm ozone (O3) . After storage at 2°C for 
10 d, ground beef in VP was finely ground and over-wrapped 
with PVC film on foamed polystyrene trays and 03 and N2 were 
exchanged for 80%02:20%N2. No differences were found among 
N2, 02, and O3 treatments for total plate (TPC) , E. coli, and 
coliform counts. All MAP treatments had lower TPC than VP 
patties on days 5, 10, 12, and 14. HunterLab 'a7 values and 
subjective redness scores on day 10 were highest for patties 
in N2 and lowest for 02 and 03. Patties in 02 exhibited the 
greatest oxidative instability.
x
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CHAPTER I  
INTRODUCTION
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Successful merchandising of fresh meat has changed from 
carcasses to vacuum packaged boxed primals to pre-cut case- 
ready packaged products just in the last few decades. While 
still not firmly established like some areas of Europe, 
acceptance of case-ready fresh meats in the retail 
marketplace are growing at a rapid pace. Meat color, 
flavor, aroma, and tenderness play a crucial role in the 
consumers' acceptance of the product {Morgan et a l ., 1991). 
Even though color has the greatest impact on initial 
purchase decisions (Kropf, 1993), tenderness or meat texture 
is the most important factor affecting the consumers' 
perception of taste (Morgan et al., 1991).
Consumers have recently urged producers and processors 
to create more uniformly tender beef products (Saveli et 
al., 1989). Morgan et al. (1991) reported that a high 
percentage of retail cuts from beef chuck and round would 
receive an overall tenderness rating of less than 'slightly 
tender'.
Modified atmosphere packaging (MAP) has several 
advantages including increased shelf life, reduced economic 
loss due to shrink and out of date, decreased distribution 
costs, and improved quality of products through microbial 
inhibition (Farber, 1991; Zhao et al., 1994). With different 
combinations of gases, including nitrogen, oxygen, and 
carbon dioxide, MAP can provide for microbial inhibition and
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
color enhancement. Determination of the optimal time for 
fabrication to maximize color, shelf life and decrease 
microbial load in a case-ready scenario, while allowing for 
adequate tenderness, is not fully understood.
Controlling pathogens at all stages of the livestock 
and meat industry, including production, processing, 
distribution, retailing, and in-home handling, has been 
identified as a crucial area of research for the 
identification of practical methods to prevent foodbcrne 
diseases (Cliver, 1993). The rate of scientific work being 
done on pathogen control has increased dramatically with new 
antimicrobial technology being evaluated and approved for 
industrial use at a record pace (Stentz, 1996). Carnevale 
(1995) noted that public health concern has shifted from 
residues, pesticides, and environmental contaminants to 
microbiological issues involving human pathogens and their 
association with illness and mortality. Even if 
technologies reduce the likelihood for pathogen growth on 
fresh meat products, steps must be implemented to insure 
that no recontamination occurs immediately prior to 
packaging.
Ozone is a very powerful oxidizer capable of destroying 
and slowing the growth of microorganisms (Diaper, 1972) and 
has been used to disinfect, remove color, odor, and 
turbidity in wastewater from treatment plants and to reduce
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4
organic loads in water, grains, and food (Diaper, 1972;
Nelson, 1982; Sheldon and Brown, 1986; Kaess and Weidemann, 
1968}. The use of ozone in food processing and packaging 
presents many opportunities to limit the negative impact of 
microorganisms.
Foodborne infections involving meat products have 
increased consumer awareness of possible pathogen 
contamination of food supplies (Kropf et a l ., 1996). As 
case-ready meats are increasingly available and accepted at 
retail store levels, the ability to influence, if not 
inhibit, the growth of pathogenic microorganisms is highly 
valuable. Several studies have demonstrated the merits of 
modified atmosphere packaging (MAP) using exclusion of 
atmospheric air, as in vacuum packaging (VP), or replacement 
of air with predetermined gases for extending the shelf life 
of fresh meat (Christopher et a l ., 1979; Huffman et al.,
1975). High C0; levels in MAP (>15%) will inhibit microbial 
growth and offer opportunities to extend shelf life (Baker 
et al., 1986; Blickstad and Molin, 1983).
The research objectives of this work were: 1) to study 
the influence of fabrication time and packaging conditions 
on beef color and palatability traits, 2) to determine the 
lethality of different concentrations of ozonated gas and 
differing exposure times on cultures of E. coli and 
Pseudomonas sp., and 3) to examine the effect of different
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
modified atmosphere packaging treatments on aerobic and 
coiiform bacterial growth, color, and lipid stability of 
ground beef patties.
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Fresh Meat Properties
Meat is very important in the diet of humans, 
contributing nearly half of the protein nutrient intake in 
the diet (USDA, 1984) . Meat contains high levels of 
essential amino acids plus tyrosine and cystine, all of 
which are highly digestible (Bodwell and Anderson, 1986). 
Generally, meats and meat products are 95-100% digestible 
while plant protein sources are typically as low as 65-75% 
digestible (Hopkins, 1981). Minerals and other inorganic 
substances found in meat also contribute toward the 
nutritional value of meat in the diet. Potassium, 
phosphorus, chloride, zinc, and especially iron in the heme 
form are important compounds in meat. Meat is also an 
excellent source of the niacin and the B vitamin group 
including thiamin, riboflavin, B,- and B-- (Bodwell and 
Anderson, 1986).
A typical beef muscle is comprised of water (76%), 
protein (18.5%), lipids (3.0%), non-protein nitrogen (1.5%) 
and minerals (1%) (Hedrick et al., 1994; Hamm, 1986). Water 
is found in three different forms in meat. Bound or 
constitutional water is tightly bound or located within the 
protein molecules which do not permit the water to escape 
from the meat. 3ound water amounts to less than 0.1% of the 
total tissue water (Hamm, 1986) . The next most abundant 
form of muscle water (5-15%) is relatively immobile,
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interfacial water (Hamm, 1936). Interfacial water is 
located at the surface of proteins. The remaining cellular 
water is freely available for physical-chemical reactions 
(Hamm, 1986). This free water, which is not chemically 
bound to other ions, is present in the form of purge 
collecting from the cut surface of meat.
Meat proteins are divided into myofibrillar, stromal, 
and sarcoplasmic protein classifications based essentially 
on degree of solubility. Sarcoplasmic proteins are the most 
soluble in water. Myoglobin, hemoglobin, enzymes, and 
cytochromes comprise the majority of sarcoplasmic proteins. 
Myoglobin is especially important in the muscle for the 
transport of oxygen (0:) and for binding 0; in meat for the 
bloomed red color important in meat merchandising.
Myofibrillar proteins are salt-soluble and are primarily 
those which aid in the contractile process and form a large 
portion of the cytoskeletal makeup.
Skeletal muscle is essentially composed of bundles of 
muscle fibers imbedded in connective tissue (Bechtel, 1986).
In terms of structure, a muscle cell is the smallest
contractile unit of a muscle. Each muscle cell, or muscle 
fiber, is surrounded by a connective tissue layer known as 
the endomysium. Several muscle fibers together are 
considered a muscle bundle which is encased by the
perimysium. A  collection of muscle bundles is surrounded by
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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the epimysium and is known as a muscle. Several structures 
are intertwined throughout the muscle structure and have 
vascular, adipose, connective, and nervous functions.
The functional unit of skeletal muscle is known as a 
sarcomere. The contractile process is dependent upcn the 
relative lengthening and shortening of the sarcomere.
Myosin and actin are the two most abundant myofibrillar 
proteins. The sliding filament model of muscle contraction 
theorizes that the thick (myosin complex) and thin (actin 
complex) filament of the sarcomere overlap and slide past 
each other to allow the sarcomere length to increase or 
decrease.
Stromal proteins are characterized by their relative 
insolubility. Connective tissue proteins such as collagen 
fall into the stromal protein group.
Lipid content can vary greatly due to species, animal 
age, anatomical location, and diet. A  gross carcass 
classification separates animal fat into internal, 
subcutaneous, intermuscular, and intramuscular. The 
relative proportions of the different fat locales changes 
with the animal's chronological age. Generally, fat 
accretion begins with internal fat deposition and as the 
animal matures, intramuscular fat deposition occurs last or 
at least at a slower rate. Intramuscular fat is the 
predominant area of fat distribution in meat (Hedrick,
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1994). Phospholipids are the most common form of lipids and 
are mostly comprised of unsaturated fatty acids Cl6 
(palmitic) and C13 (stearic) (Ostrander and Dugan, 1962).
Non-protein nitrogen found in meat is in the form of 
creatine, creatine phosphate, nucleotides, peptide, and 
amino acids. These compounds are primarily important as 
energy sources in the metabolic processes of muscle, but 
have some role in the rigor mortis process and post-mortem 
metabolism.
Meat Tenderness
Degradation of animal tissue begins at the time of 
death. With respect to perishability, muscle foods are 
highly susceptible to quality deterioration. Due to several 
factors, including high moisture content, high water 
activity, moderate pH, and high protein content, muscle 
tissue can undergo rapid microbial degradation. Many 
complex chemical and physical changes also occur within a 
few days postmortem, even under refrigerated conditions.
Not all meat deterioration is negative, since tenderness, 
palatability, and flavor associated with most meat cuts is 
achieved only after a certain postmortem time period.
When the circulation of blood stops, muscle cells can 
no longer obtain energy via respiration. Energy is, 
therefore, obtained from anaerobic glycolysis through the 
conversion of muscle glycogen to lactic acid. The pH
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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decline in postmortem muscle is primarily due to the 
accumulation of lactic acid. Adenosine triphosphate (ATP) 
eventually falls to a level below which calcium ions can be 
removed away from the muscle cells and the contractile 
proteins (actin and myosin) are chemically bound in a 
constant state of contraction known as rigor mortis. At 
this time, meat can be extremely tough if cooked, but after 
an appropriate time period, tenderness and flavor attributes 
increase (aging). Aging is defined through two different 
events. First, a decrease in the amount of crosslinking, 
reducing the actomyosin complex back to actin + myosin, and 
second, hydrolysis of larger proteins into smaller proteins 
and peptides by proteolytic enzymes occurs.
Two of the most noticeable changes in muscle fibers 
during postmortem storage are the degradation of the Z-disks 
and a gradual disappearance of troponin-T (Wheeler and 
Koohmaraie, 1994; Wang, 1982). Catheptic enzymes and 
calcium-dependent proteases (CDP) are two proteolytic enzyme 
systems primarily responsible for myofibrillar degradation 
(Koohmaraie, 1988). At least seven lysosomal proteases 
exist in skeletal muscle and the best characterized are 
cathepsin B,D,H and L (Goll et al., 1983b) . Cathepsins B 
and D degrade both actin and myosin, with cathepsin D being 
more extensive in degradation than cathepsin B (Schwartz and 
Bird, 1977). Cathepsins H and L are also reported to be
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effective on degradation of myosin (Bird and Carter, 1980). 
Additionally, Bird et al. (1980) stated that cathepsin D was 
more active in degrading actin and myosin and was most 
active at pH 4.0 whereas cathepsin B was most active at pH 
5.2.
Calcium-activated neutral protease activity was 
identified by Huston and Krebs (1968) through their studies 
of the activation of phosphorylase kinase. Further 
isolation from porcine muscle of the protease responsible 
for calcium-activated proteolytic activity was reported by 
Dayton et al. (1976). Calcium-dependent protease induces 
myofibril fragmentation in the presence of Ca-'
(Etherington, 1984). Two different forms of CDP were later 
isolated and referred to as CDP-I and CDP-II (Calkins and 
Seideman, 1983). Technologies have been reported that use 
exogenous Ca~' in the presence of CDP. Koohmaraie et al.
(1989) showed increased tenderness in lamb carcasses that 
were infused with calcium chloride immediately post-mortem. 
Others (Morgan et al., 1991; Koohmaraie et al., 1988) have 
reported similar results in beef. This tenderization 
process is associated with the disappearance of an inhibitor 
of calcium dependent neutral proteases more so than an 
increase in the activity of the enzymes (Haard, 1990) . No 
work has been found in the literature to show these results 
in broiler carcasses with postmortem infusion of calcium
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chloride. However, Etherington et al. (1987) found chicken 
muscle to have a lower calpain level and less proteolysis 
than beef, pork or lamb muscle. Tenderness is not normally 
a problem with broiler dark meat (leg, thigh), but breast 
meat tenderness can present serious problems. Unique 
opportunities for tenderness research exist with broilers 
since the catheptic activity of breast muscle is about four 
times higher than leg meat (Gwartney et al., 1992).
The rate of pH decline has a marked effect on the 
enzymatic and proteolytic changes in postmortem muscle 
(Wheeler and Koohmaraie, 1994). This rate decline can 
create tenderness variation which either exists at the time 
of slaughter, or is induced by post-mortem storage 
(Koohmaraie, 1996) . Typically, the first 24 hours after 
death is a toughening phase. The toughening can be 
attributed to rigor induced sarcomere shortening 
(Koohmaraie, 1996; Wheeler and Koohmaraie, 1994; Bouton et 
al., 1980). The opposing course of tenderization also 
occurs at some time post-mortem and continues for 10-14 d 
for beef, 7-10 d for lamb, and 5 d for pork (Koohmaraie,
1996) .
To insure maximal tenderization, the processing and 
distributing system for dispersal of product to the retail 
outlet must not exceed the inherent time constraints for 
enzymatic proteolysis and tenderization. The optimal
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postmortem time for tenderness varies among species and 
within primal cuts and has not been incorporated into most 
processing schemes. Although the basic science 
methodologies for proteolysis have been determined, the 
transfer of this knowledge to the processor has not been 
fully utilized.
Meat Color
Color is seen by the human eye as a result of the 
combination of three attributes, known as hue, chroma, and 
value (Hedrick et a l ., 1994). The pigments that absorb or 
reflect certain light wavelengths are the most important 
factors pertaining to meat color. Myoglobin and hemoglobin 
are the two proteins in meat primarily responsible for color 
pigments. Myoglobin is associated with muscle tissue 
whereas hemoglobin is primarily located in the vascular 
system. The myoglobin molecule consists of a protein 
portion (globin) and a nonprotein portion (heme ring). The 
relative amounts of the three forms of myoglobin: 
deoxymyoglobin (purple) , oxymyoglobin (red), metmyoglobin 
(brown), determine the color of fresh meat (Faustman and 
Cassens, 1990). This also means that the pigment color is 
dependent on the oxidation state of the iron in the heme 
ring (Judge et al., 1989).
In order for beef and other high myoglobin content 
meats to have a bright red color, oxygen must be present.
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The undesirable brown metmyoglobin is the irreversible 
oxidized form of myoglobin. The primary reason for the loss 
of color quality [redness] in beef is the surface 
accumulation of metmyoglobin (Ledward, 1985). Metmyoglobin 
accumulation is influenced by oxygen partial pressure 
(Ledward, 1970; Faustman and Cassens, 1990), temperature, 
light, pH and rate of pH decline, and relative humidity 
(Ledward, 1971; Madhavi and Carpenter, 1993).
Moisture also has an effect on meat color. Ledward 
(1971) demonstrated that the increased accumulation of 
surface metmyoglobin is aided by dehydration by storing meat 
at different relative humidities. Lawrie (1985) also agreed 
by stating that dehydration caused increased ion 
concentrations that favor metmyoglobin formation. These
reports differ from some of the earliest color research
(Brooks, 1931) that states that dried tissues had slower
rates of hemoglobin oxidation.
Successful retail merchandising of fresh beef requires 
that a bright cherry-red color (oxymyoglobin) and less than 
20% surface discoloration be apparent to the consumer (Hood, 
1980). Oxygen must be present and the myoglobin must be in 
the reduced state for beef to have the desirable red color.
For MAP distribution, this poses a problem since high 02 
concentrations oxidize the pigments to metmyoglobin over a 
period of time. Seideman et al. (1979) reported that beef
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
1 6
stored in 100% 0. had more (P<.05) surface discoloration 
than steaks stored in 100% nitrogen (N:) or 100% carbon 
dioxide (CO:) after 21 days of storage. Seideman et a l .
(1979) also demonstrated that steaks packaged in CO: had 
less surface discoloration when repackaged in film permeable 
to 0- and stored under light for 3 days. Other researchers 
(Huang et al., 1993b; Bartkowski et al., 1982) also reported 
that high CO; has no detrimental effects on meat color.
Ledward (1970), on the other hand, stated that high CO: 
discolored meat as did Asensio et al. (1988) who indicated 
that the major chemical problem when holding fresh muscle 
foods in C O — enriched atmospheres is related to surface 
discoloration.
Seideman et al. (1979) reported N. to have no 
detrimental effect on meat color when used in MAP. Modified 
atmosphere packaging of meat in N_/CO; mixtures can 
effectively decrease surface discoloration by the exclusion 
of 0;. When 0: is present in concentrations of less than 
1%, the myoglobin does not exhaust its reduction capacity 
(Lanier et al., 1978). Presumably, the small amount of 
residual 0; in MAP is used rather quickly by aerobic 
bacteria and mitochondria. Mitochondria remain respiratory 
active at least 144 hours postmortem (Cheah and Cheah,
1971). Conversely, if small amounts of 0: (2-10%) remain in 
the package, the myoglobin oxidizes to the metmyoglobin form
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without the benefit of a full oxymyoglobin state. Surface 
accumulation of brown metmyoglobin pigments limits the 
acceptability of fresh red meat by consumers, who prefer the 
bright cherry red color associated with oxymyoglobin 
(Madhavi and Carpenter, 1993). As noted by Ledward (1971), 
surface dehydration increases the rate of metMb formation.
The rate of metmyoglobin formation depends on the 
autoxidation rate of myoglobin and the effectiveness of 
enzymatic systems in reducing the metMb (Ledward, 1985).
After slaughter, muscle is subjected to differing rates 
of temperature and pH decline which certainly influences the 
rate of myoglobin oxidation and/or metMb reduction (Lawrie, 
1985) and creates variability in the color stability of the 
meat. Furthermore, a rapid fall in pH at high temperatures 
can lead to a pale and watery appearance (PSE) and a slow 
rate of pH decline at low temperatures can lead to a cold- 
shortened condition and dark appearance (Ledward, 1985).
The oxygen consumption rate of quickly chilled meat is 
likely to be higher than meat chilled at higher temperatures 
and will inhibit the formation of oxymyoglobin, displaying a 
darker overall appearance (Ledward, 1985). Interestingly, 
very fresh meat (less than three days post slaughter) forms 
metMb at a more rapid rate than meat that has been aged for 
several days before aerobic storage (Hood, 1980; Ledward,
1985).
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Lipid Oxidation
Initiation of oxidation occurs with oxygen under the 
influence cf temperature, light, high energy radiation, 
salt, metal ions, and other catalysts (McMillin, 1996;
Dugan, 1971). Autoxidation is one of the most important 
oxidation reactions. Autoxidation yields hydroperoxides 
that attach to carbon atoms adjacent to double bonds in the 
fatty acid or fat molecule (Dugan, 1971) . A  biradical then 
forms with the hydrogen of a methylenic group adjacent to a 
double bond in another molecule to yield two radicals 
(Dugan, 1971; Lillard, 1987). Radicals then propagate and 
perpetuate the autoxidation reaction.
The compounds in muscle foods most affected by the 
oxidative processes include unsaturated fatty acids in 
lipids, amino acids in proteins, heme groups in pigments, 
and the chains in vitamins with conjugated double bonds 
(McMillin, 1996). These oxidative reactions lead to radical 
formation resulting in lipid peroxidation, pigment 
discoloration, or interactions between lipids and heme 
pigments (McMillin, 1996). Lipid peroxidation can occur in 
the phospholipids in membranes and in the unsaturated fatty 
acids in lipids (Rhee, 1988).
The most commonly used assay for the 
quantification of lipid oxidation is the thiobarbituric acid 
reactive substances test. Thiobarbituric acid reactive
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substances (TBARS) are the products derived from the 
oxidation of unsaturated fatty acids (Tarladgis et a l .,
1960). The classic procedure as described by Tarladgis et 
al. (1960) calls for the distillation of a sample and mixing 
the distillate with a thiobarbituric acid (TBA) solution.
Upon heating in boiling water, a color reaction produces a 
pink color from the reaction of two TBA molecules with one 
molecule of malondialdehyde (Yu and Sinnhuber, 1967). The 
solution has maximum absorbance at 532 nm.
Aside from potential pathogenic microorganism concerns, 
rancidity of meat is listed as one of the most serious 
problems of food deterioration (Ahn et al., 1993). In order 
to design or plan a packaging system for meat, the behavior 
of meat under various gas atmospheres must be understood. 
Rancidity in meat can either be oxidative or hydrolytic 
(Ranken, 1989). Hydrolytic rancidity is usually not a 
problem in meat and is normally caused by enzymatic or 
chemical reactions or low pH. Oxidative rancidity is more 
common in meat due to the fatty nature of meat and meat 
products. In general, the more unsaturated the fat, the 
more prone the product is to oxidation. For example, pork 
is more unsaturated (oilier, less firm) than lamb or beef 
fat and is more prone to the effects of oxidation.
Several researchers have shown the importance of oxygen 
to the development of oxidative rancidity in meat (Barbut et
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al., 1989; Bhattacharya et al., 1988). While oxidative 
rancidity may not be the limiting factor in refrigerated 
shelf-life of meat, it can be problematic with higher-than- 
normai oxygen levels (Asensio et a l ., 1988). Bhattacharya 
et a l . (1988) demonstrated increased thiobarbituric acid
(TBA) values with increased fat level in ground beef patties 
and higher TBA values for polyethylene (PE) packaging versus 
vacuum packaging (VP). Gokalp et al. (1983) showed that TBA 
and sensory rancidity also increased with time and found 
lower values in VP beef patties. Other storage influences 
such as inert gas packaging (nitrogen) and barrier packages 
can also inhibit rancidity (Cross et a l ., 1987) . The use of 
specialized packaging material can exclude oxygen from 
coming into contact with the meat products from the external 
environment. An in-package anoxic environment is necessary 
for the inhibition of oxidative rancidity and deterioration 
of the meat quality.
Microbiology of Fresh Meat
Meat and carcasses from healthy livestock animals are 
usually considered free from intrinsic bacteria or organisms 
that enter the tissues from the intestines or an internal 
route before or after death (Gill, 1979) . Therefore, the 
majority of bacteria on meat are derived from the 
environment and occur only on the surface (Gill, 1979). 
Bacterial growth on meat results in formation of off odors
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and flavors and unacceptable appearance to the consumer 
(Gill and Newton, 1S73). Microbial growth associated with 
fresh meat should, most appropriately, be viewed as two 
separate issues, spoilage organisms and pathogenic 
organisms. In other words, the microbiology of meat can be 
viewed as a quality (spoilage) issue and as a safety 
(pathogenic) issue.
Spoilage organisms
The bacterial growth at refrigerated temperatures is 
affected by the organisms present initially, the environment 
in which they are growing, changes in the environment, and 
the interactions which occur between competing microbial 
species (Gill and Newton, 1973). The bacteria which are 
responsible for food spoilage are not necessarily those 
which cause illness or disease. Spoilage organisms in fresh 
meat are associated with the proteolytic bacteria that 
thrive in aerobic conditions. These organisms are generally 
cold-tolerant psychrotrophs that are commonly found in the 
soil, water, vegetation, and the hides of animals (Gill and 
Newton, 1978). The predominant spoilage microorganism 
species on fresh beef are Pseudomonas, Lactobacillus,
Moraxella, and Achromobacter (now listed as Acinetobacter) 
(Ayres, 1960; Kirsch et al., 1952; Rodger and McCleskey,
1957; Gill and Newton, 1978). Pierson et al. (1970) found
95% of the bacteria on anaerobically packaged beef to be
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Lactobacillus spp. Additionally, Lactobacilli and other 
lactic acid bacteria are not significantly affected by CO 
and have a direct bacteriostatic effect on many gram- 
negative bacteria including Pseudomonas. Gill and Newton 
(1978) reported that for humid conditions aerobic floras 
were dominated by Pseudomonas and anaerobic floras are 
comprised primarily by Lactobacillus. Gardner et a l . (1967)
found Pseudomonas and Achromobacter to constitute 96* of the 
spoilage microflora on fresh pork under aerobic conditions. 
Poultry meat typically has the same type spoilage organism 
flora, predominantly Pseudomonas and Achromobacter (Arafa 
and Chen, 1975; Bailey et al., 1979).
Pathogens
The majority of shelf-life extension studies using CO- 
have been directed toward inhibiting pseudomonads at 
refrigerated temperatures (Baker et al., 1986; Bailey et 
al., 1979; Silliker et al., 1977). Most researchers have 
not examined the influence of CO. on the survival and growth 
of pathogenic microorganisms, but rather have concentrated 
on the suppression of spoilage bacteria. The primary 
pathogenic organisms associated with poultry and poultry 
products are Salmonella spp, Staphylococcus aureus, and 
Clostridium perfringens (Baker et al., 1986). While Johnson 
et al. (1990) reported the only documented case of 
listeriosis was linked to poultry, Hart et al. (1991)
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suggested that Listeriosis transmitted by Listeria 
monocytogenes is implicated in milk and dairy products, raw 
meat, vegetables and salads, and seafoods. Genigeorgis et 
al. (1985) reported that raw poultry meat is frequently 
contaminated with L. monocytogenes, primarily due to cross 
contamination during poultry processing. Johnson et al.
(1990) reported that the evidence linking red meat to 
listeriosis is tentative.
As consumers demand more fresh or fresh-like appearance 
to fresh meat products, the trend toward the use of modified 
atmospheres has intensified. Accordingly, the ability of 
various pathogens to grow or survive under these conditions 
is important to consumer health (Hao and Brackett, 1993).
E. ccli is a pathogenic organism capable of growing at 
refrigerated temperatures (Lechowich, 1988). However, Hao 
and Brackett (1993) reported that E. coli 0157:H7 could not 
grow at 4°C, with the population remaining unchanged over a 
15 day incubation period. These research findings indicate 
that E. coli can survive but not grow at low temperature 
storage.
Modified Atmosphere Packaging
Transportation of meat over long distances usually 
requires that the products are shipped in the frozen state.
For chilled or refrigerated products, vacuum packaging (VP) 
or modified atmosphere packaging (MAP) are methods that can
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be used for preserving the shelf life of meat. Due to the 
use of different combinations of gases for microbial 
inhibition and color enhancement, MAP offers some advantages 
over vacuum packaging. Furthermore, problems can arise with 
VP, such as pack leakage, excess purge, off-flavors, off- 
odors, and discoloration (Lee et al., 1983).
Several researchers have reported the advantages of 
modified atmosphere packaging for influencing color and 
limiting microbial growth in refrigerated fresh meat 
(Farber, 1991; Seideman et al., 1979; Huffman et al., 1975; 
Taylor and MacDougall, 1973). As noted by Zhao et al. (1994)
and Farber (1991), MAP increased shelf life, reduced 
economic loss due to shrink and out of date, decreased 
distribution costs, and improved quality of products through 
microbial inhibition. However, disadvantages included 
increased capital outlay for packaging materials and 
equipment, increased temperature control requirements, 
varying gas needs for different products, and requires 
special equipment and training.
Package design and component plastics
Traditional retail merchandising of fresh meats 
typically involves the delivery of primal or subprimal meat 
cuts to the retail outlet. These cuts are usually vacuum 
packaged in barrier bags to exclude oxygen, maintain color 
stability and inhibit microbial growth. Vacuum packaging is
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a form of oxygen exclusion termed modified atmosphere 
packaging. When the primals are fabricated into retail 
cuts, the retail cuts are usually placed on foamed 
polystyrene trays and overwrapped with polyvinyl chloride 
(PVC) (Ramsbottom, 1971). Polyvinyl chloride is oxygen- 
permeable and moisture-impermeable, promoting an attractive 
appearance for consumers while preventing drying of the meat 
surface. Typically, PVC is used for overwrap films due to 
its characteristics of low cost, superior clarity, oxygen 
transmission rates and an elastic memory which makes it 
conform to the package and product (Ramsbottom, 1971).
The flavor and odor from meat can be influenced by the 
package. These changes can be originated from the product 
or the environment. Packaging not only influences odor and 
flavor, but also color, microbial growth, as well as texture 
and juiciness if the packages are not moisture-proof and the 
product dehydrates. The evolutionary process of package 
design has accelerated in the past due to 1) efforts toward 
shelf life extension, 2) economic considerations, and 3) 
advances in material technology (Rizvi, 1984).
As previously mentioned, the exclusion of oxygen is 
imperative in the retardation of oxidative rancidity.
Barrier films used for MAP, such as polyvinylidene chloride 
or ethylene-vinyl alcohol copolymer reduce oxygen as well as 
moisture vapor transmission to very low levels (Jenkins and
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Harrington, 1991). New case ready packaging schemes have 
made the use of barrier packaging a reality. Packaged on 
thermoform-fill-seal machines, the package must be formable, 
tough, clear and have oxygen and moisture barrier 
properties.
Package requirements lead to the use of coextruded or 
multi-layer plastics. Multi-layer structures for meat and 
meat products consist of an outer layer to provide abrasion 
resistance, a middle layer to provide a barrier to gas 
permeation, and an inner layer to contribute sealing 
characteristics (Rizvi, 1984) . The outer layer is typically 
polyethylene tetraphthalate (PET) or nylon, the barrier 
layer usually either polyvinylidene chloride (Saran; PVDC) 
or ethylene-vinyl alcohol copolymer (EVOH) which will reduce 
oxygen transmission rates to 1 cc/100 in'/24 hr (Jenkins and 
Harrington, 1991; Rizvi, 1984) . Unique to meat packaging is 
the seal layer composition required for an environment of 
meat, fat and juices. The seal layer is almost always an 
ionomer, polyethylene, or an ethylene vinyl acetate (Rizvi, 
1984) .
Gas atmospheres
The use of C0: in MAP has the effect of inhibiting 
microbial growth (Huffman et al., 1975; Seideman et al.,
1979). Consequently, shelf life of the products is 
lengthened by way of reduced bacterial contamination.
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Indirectly, MAP can increase color stability by inhibiting 
the growth of microorganisms with CO . It is reported 
(Robach and Ccstilow, 1961) that increased bacterial counts, 
particularly Pseudomonas sp., consume oxygen which reduces 
the surface tension of oxygen and causes meat discoloration. 
Seideman et al. (197 9) found increased bacterial counts and 
slime on beef samples stored in 0 which was related to 
discoloration. Huffman et al. (1975) suggested that color 
changes in 0 : stored samples were a function of 0-. 
utilization by bacteria.
Although disagreements exist in the literature about 
the contribution of C0: to meat discoloration, the microbial 
inhibition characteristic of C0; outweighs any possible 
discoloration (Gill and Newton, 1978). According to 
Christopher et al. (1979), carbon dioxide will inhibit 
aerobic spoilage bacteria while oxygen will keep the surface 
of the meat in a bloomed state. Clark and Lentz (1973) 
found Pseudomonas and Acinetobacter on beef to be inhibited 
by 15% carbon dioxide when stored in modified atmosphere 
packaging. Enfors et al. (1979) reported that an atmosphere 
containing approximately 10% CO; retards the microbial 
growth on meat. Gill and Newton (1978) indicated that a 
combination of restricted 0; and C0: levels of about 20% 
serves to inhibit growth of the gram negative aerobes.
Likewise, increased 0; levels (>50%) will inhibit the growth
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of Pseudomonas, Mcraxella and Acinetobacter on meat (Gill and 
Newton, 1978). However, vacuum packaged beef stored at 0-2C 
was spoiled primarily by lactobacilli (Shank and Lundquist, 
1963; Patterson and Gibbs, 1977) . Butler et al. (1953) 
attributed the surface discoloration or browning of meat to 
the logarithmic growth phase of bacteria. The ability of 
carbon dioxide to inhibit microbial growth is well 
documented (Gardner et al., 1967; Clark and Lentz, 1969;
Newton et al., 1977; Marshall et al., 1991). Several 
researchers (Daniels et al., 1985; Dixon and Kell, 1989) 
have indicated that CO- inhibits microbial growth by one or 
more of the following modes of action: 1) disrupting the 
membrane enzyme activity, 2) slowing the growth rate of 
aerobic microorganisms through the displacement of 0., and 
3) lowering the pH as a result of the formation of carbonic 
acid from CO. absorbed into the meat tissues. King and 
Nagel (1967) reported the inhibitory effect of high C0; 
tensions on pseudomonads could be due to a mass action 
effect on decarboxylating enzymes.
Microbial Interventions and Hurdle Technology 
Gas exchange technology
Recently, several technologies have surfaced which 
combine the color and appearance attributes of high 0-., 
aerobic MAP with the extended shelf-life characteristics of 
anoxic, N ::C0.- based MAP. Mitchell (1990) described a
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method which actively removes a gas from a MAP and replaces 
the headspace with another gas or gas mixture of choice. 
Ideally, this system would allow for the initial packaging 
of fresh meat in a central location under anoxic conditions 
(presumably N ;:CO-.) and allow for shipping and storage until 
retail display is desired. At the allotted time, the inert 
headspace in the desired package would be gas exchanged for 
a high 0_ environment thus allowing the meat to bloom. 
McMillin et al. (1991, 1994), Ho et al. (1995), Huang et al. 
(1993a,b), and Smith et al. (1995) reported extensively on 
research with this technology on ground beef, whole muscle 
beef cuts, and pork. The technology has proven beneficial 
in increasing total shelf-life through decreased microbial 
growth, inhibition of oxidative rancidity, and promotion of 
a bloomed color during the crucial display phase of the 
fresh meat merchandising system.
Ozone
Ozone is a triatomic allotrope of oxygen with a 
molecular weight of 48 (Ewell, 1950). The third atom of the 
oxygen molecule produces the reactivity of ozone. The third 
atom also causes the molecule to be quite unstable at high 
temperatures, having a half-life of only 90 seconds at 35°C. 
Accordingly, ozone cannot be stored for any length of time. 
However, there is a strong thermal influence on ozone half- 
life as temperature decreases. At 0°C, the half life of
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ozone has been determined to be 2000 years (Rice, 1982) .
Nelson (1992) discussed data indicating the decomposition of 
ozone back to oxygen in less than < 10 days at temperatures 
greater than -2GcC. As determined by published charts, the 
half-life of ozone at 0°C is 54 days (Nelson, 1992) .
In nature, ozone is produced by lightning during 
electrical storms. Ultraviolet illumination can be used to 
produce ozone, but high voltage electricity is typically 
used in commercial practice (Nelson, 1992). Production of 
ozone must be performed in a dynamic state for a constant, 
reproducible mixture to be achieved. This trait is due to 
the extraordinary reactivity of ozone (Nelson, 1992) .
Electrical discharge is used to produce ozone by passing air 
or oxygen between two concentrically oriented electrodes 
separate by Teflon spacers. The electrodes are activated 
with a high voltage transformer which is controlled by a 
rheostat to vary the ozone concentration (Nelson, 1992) .
According to Nelson (1992), the most widely used and 
generally accepted wet chemical procedure for the 
determination of ozone concentration is the potassium iodide 
method. Ozone in a gas stream, when bubbled through a 
neutral iodide solution, yields the following reaction:
0 + H-0 + 21" = I.- + 2 OH” + 0; 
and in an excess of potassium iodide,
I; + I" = I;.'
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The concentration based on I-' can then be determined 
spectrophotometrically.
Bader and Hoigne (1980) discussed the determination of 
ozone concentration in water by the indigo dye method. 
Briefly, aqueous ozone concentrations can be determined 
through the decolonization of indigo trisulfonate. The 
method is extremely fast, stoichiometric, and filters out 
secondary oxidants (Bader and Hoigne, 1980).
Ozone is a very powerful oxidizer capable of destroying 
and slowing the growth of microorganisms (Diaper, 1972). 
Ozone has been used to disinfect, remove color, odor, and 
turbidity, and to reduce organic loads of wastewater from 
treatment plants in Europe since the 1900's (Trussell et 
a l ., 1976; Diaper, 1972). Attempts have been made to 
commercialize the disinfection properties of ozone for food 
processing applications (McCabe, 198 5). Ozone has many uses 
in the food industry including purging of shellfish 
(Anonymous, 1972), aflatoxin reduction in peanut and 
cottonseed meals (Dwankanath et al., 1968), disinfecting of 
poultry chiller water and chill water (Sheldon and Brown,
1986), and bacterial controla and reduction in poultry meat 
(Yang and Chen, 1979) and in chilled beef (Kaess and 
Weidemann, 1968).
Early work by Fetner and Ingols (1956) reported a 0.4- 
0.5 mg/1 ozone concentration dissolved in water as the
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threshold level needed to kill E. coli at 1°C for one 
minute. Sheldon and Brown (1936) reported a reduction in 
aerobic plate count, coliform and fecal coiiforms, and 
Salmonella isolated from broiler carcasses chilled in 
ozonated water (3.0-4.5 ppm) as compared with microbial 
counts from, hot carcasses. However, using chilled water 
alone gave slight, but consistent reduction in all counts 
(Sheldon and Brown, 1986). Yang and Chen (1979) reported 
similar results with broiler parts in ice water having 3.88 
mg/1 ozone dispersed through the product for 20 min.
Results indicated reductions in total microbial counts of
86.0 to 90.5* for an effective increase in shelf-life of 2.4 
days. Furthermore, Yang and Chen (1979) postulated that 
ozonated water was more effective against gram-negative rod- 
type organisms than any other types. Restaino et al. (1995) 
indicated that gram negative bacteria were substantially 
more sensitive to ozonated water than were gram positive 
bacteria.
Most recent research on ozonation has focused on 
incorporation of ozone into water or ice. Sheldon and Brown
(1986) reported a reduction in aerobic plate count, coliform 
and fecal coiiforms, and Salmonella isolated from broiler 
carcasses chilled in ozonated water (3.0-4.5 ppm) as 
compared to microbial counts from hot carcasses.
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Compared with other studies, higher ozone 
concentrations are required when dissolved in a gaseous form 
rather than in the form of ice or water. Kashiwagi et al.
(1987) reported effectiveness of gaseous ozone (0.05 ppm) in 
reducing the microbial growth on processing equipment and 
the inside of pipes. This treatment, however required from 
three to 40 days for the elimination of microorganisms 
including £. coli, Aspergillus niger, and Staphylococcus 
aureus. Kashiwagi et al. (1987) reported similar effects of 
ozone gas in reducing microbial contamination in the 
enclosed spaces of air conditioner coils. Further research 
reports that ozone concentrations of 6,000 ppm for 120 min. 
would achieve a 10' reduction in Bacillus sp. on medical 
equipment (Kashiwagi et al., 1987). Kashiwagi et al. (1987) 
also indicated that temperatures and relative humidity had 
an influence on the effectiveness of ozone gas treatment.
Jindal et al., (1995) reported that treating broiler 
drumsticks with 0.44 to 0.54 ppm ozonated water reduced 
Pseudomonas aeruginosa to a lesser degree as compared to the 
reduction of total gram-negative and gram-positive organisms 
(0.38 vs. 1.11 and 1.14 logs, respectively). Restaino et 
al. (1995), however, reported no difference between E. coli 
and P. aeruginosa with respect to the amount of death and 
overall patterns of the death curves after one minute 
exposure to ozonated water (0.188 mg/1).
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Steam and hot water decontamination
Recently, the use of steam pasteurization and steam- 
vacuum systems for beef carcass decontamination have become 
commercially viable (Dorsa, 1996; Dorsa et al., 1996; Wilson 
and Leising, 1994) . The combination of moisture and heat 
have proven effective in reducing the microbial 
contamination on carcass surfaces and also provide an 
economic incentive over knife trimming. Three primary uses 
of this technology include a hot water rinse, steam vacuum 
systems combining hot water and vacuum to remove 
contaminants, and steam pasteurization which employs a 
blanket of steam to surrounding carcasses inside a sealed 
chamber.
Hot water rinses (72° to 96°C) do an effective job of 
reducing microbial numbers (Acuff et al., 1996). At 
temperatures > 70°C, hot water is superior to ambient water 
washes for reduction of general bacteria, £. ccli, and 
salmonellae populations without effecting carcass appearance 
(Dorsa, 1996). Dorsa (1996) reported a 2.7 ± .14 log 
reduction for generic bacteria and a 3.4 ± .13 log coliform
reduction for beef carcasses washed with 72°C water at 20 
psi.
Steam pasteurization conducted in a closed chamber has 
proven to be successful (Phebus et al., 1996). Phebus et 
al. (1996) reported that steam exposure times of <15 seconds
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
3 5
were acceptable, based on microbiological and color data. 
Initial pathogen populations (E. cell 0157:K7, S. 
typhimurium, and L. monocytogenes) were reduced by 3.5 to 
5.3 log cfu/cirr (Phebus et al., 1996) .
Steam vacuum systems have proven effective in reducing 
microorganisms on beef carcasses. Dorsa (1996) reported a
3.0 ± .14 log reduction in total bacterial contamination and
4.0 ± .12 log reduction in coliform contamination. The 
steam vacuum system also proved more effective (0.82 and 
0.72 log reduction) than knife trimming for residual aerobic 
bacteria in two commercial beef slaughter facilities (~ 2500 
head/day) (Dorsa, 1996).
Organic acids
Organic acids are natural, food grade compounds which 
can be applied as whole carcass rinses to reduce bacterial 
populations (Dickson et a l ., 1996). Acetic and lactic are 
the two most commonly used, but others may include citric, 
propionic, formic, and ascorbic acids (Dickson et al.,
1996). Reynolds and Carpenter (1974) determined a two log 
reduction on pork carcasses using a 60:40 mixture of acetic 
and propionic acids. Rinses seem to work effectively on all 
species when applied to freshly slaughtered carcasses, but 
variable results occur when applied to retail cuts after 
fabrication (Huang et a l . 1993a; Acuff et al., 1987).
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INFLUENCE OF FABRICATION TIME AND PACKAGE CONDITIONS ON BEEF 
TENDERNESS, COLOR, AND EXUDATION
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Introduction
Meat color, flavor, aroma, and tenderness play a 
crucial role in consumer acceptance (Morgan et al., 1991).
Even though color has the greatest impact on initial 
purchase decisions (Kropf, 1993), tenderness or meat texture 
is the single most important factor affecting the consumers' 
perception of taste (Saveli and Shackelford, 1992; Morgan et 
al., 1991). The ability of the meat to satisfy the 
consumers' expectation of taste (tenderness) will therefore 
have an influence on repeat purchases.
Consumers have recently urged producers and processors 
to create more uniformly tender beef products (Saveli et 
al., 1989). Morgan et al. (1991) reported that a high 
percentage of retail cuts from beef chuck and round would 
receive an overall tenderness rating of less than 'slightly 
tender'. In fact, 70.1% of inside round steaks would fall 
outside the 50% confidence level and have a Warner-Bratzler 
shear force value greater than 4.6 kg and receive a panel 
tenderness rating of slightly tough or lower (Morgan et al., 
1991). No proven explanation exists for the large 
tenderness variation from one animal to the next. The 
strategies to achieve a more uniform beef product and not 
influence other meat properties are difficult due to the 
inherently complex muscle/meat system.
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Several methods to achieve more tender beef products 
have included mechanical or blade tenderization (Booreen et 
al., 1981), electrical stimulation (Bcuton et al., 1980; 
McKeith et al., 1981), enzymatic degradation and aging 
(Koohmaraie, 1996; Goll, 1991), and chemical additives such 
as salts and phosphates (Whipple and Koohmaraie, 1993).
While proven effective for tenderization, most of these 
methods can have negative impacts toward color and shelf- 
life of fresh beef. The use of salts will promote pigment 
oxidation, mechanical tenderization and injection have the 
potential to introduce bacteria that can shorten shelf-life, 
and the time for aging may remove potential time for 
distribution and merchandising before the end of shelf-life.
Modified atmosphere packaging (MAP) has several 
advantages including increased shelf life, reduced economic 
loss due to shrink and out of date, decreased distribution 
costs, and improved quality of products through microbial 
inhibition (Farber, 1991; Zhao et al., 1994). With different 
combinations of gases, MAP can provide for microbial 
inhibition and color enhancement. Determination of the 
optimal time for fabrication to maximize color life and 
microbial load, while allowing for adequate tenderness, has 
not been reported. The following research was conducted to 
study the influence of fabrication time and packaging 
conditions on beef color and palatability traits.




Crossbred market steers of 18 mo of age were
slaughtered at the Louisiana State University Agricultural
Center Meat Abattoir. Three representative steers were
chosen with similar carcass traits (Table 3.1).
Table 3.1 - Carcass characteristics of Gelbvieh x Braford 
steers





563 354 .1 Sl?u 3.09
653 338 .2 Sm20 3.22
723 346.4 Tr90 2.44
Average 346.2 SI" 2.92
Processing and packaging
Fabrication time (0 or 4 8 h) was randomly assigned to a 
side (left or right) of each of the three steers. The 
appropriate side was then selected and the inside round 
(IMPS 168) removed within 30 min. of slaughter or 48 h after 
slaughter. The inside was then cut in two equal portions 
along a medial line. One half was vacuum packaged (VP) and 
stored in the dark at 1°C. The remaining half was sliced 
into 2.5 cm steaks and packaged in MAP (80%N;: 20%CO2) with 
either ambient (MAPI) or high pressure (MAP2) inside the 
package relative to the outside atmospheric pressure. The 
gas fill timer cycle on the Ross Inpack MAP machine (Ross 
Industries, Midland, VA) was used to increase gas fill time 
from 0.48 to 0.60 seconds to achieve the pressure
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differences. The packaging treatments, therefore, 
represented negative (VP), ambient (MAPI), and positive 
pressure (MAP2) conditions for the products. Barrier foam 
trays (SealFresh™, 3D White, Amoco Foam Products, Atlanta,
GA) with barrier lidding film (Curiam, Curwood, New London,
WI; OTR 0.1 cc/cm2/24hr at 22.8C, 0% RH; MVTR 1.5 cc/m2/24 
hr at 22.8C, 0% RH) were used for packaging materials. Two 
representative steaks from each inside were selected for 
color and pH and then cooked (<2 hr postmortem) for initial 
shear and cook-loss data. Additional steaks were retained 
for myofibril purification, enzyme assay, and sarcomere 
length determinations. At 48 hr postmortem, the inside 
round from the opposite side was removed, cut in half, and 
packaged in vacuum or MAP as described previously. Steaks 
were sampled for analyses at days 2,7,and 14. The VP 
samples were further fabricated into 2.5 cm steaks and 
overwrapped with polyvinyl chloride film (PVC, Borden 
Resinite, OTR 325 cc/cm2/24hr at 23°C,0% RH) on conventional 
foam polystyrene trays on day 12. Treatments in gas flushed 
trays had headspace gases exchanged for 80%O;:20%CO; on day 
12 and all trays were displayed at 38°C under cool white 
fluorescent lighting (~ 2800 Lux).
EM
The surface pH on primal cuts and steaks was measured 
in triplicate with a surface probe electrode (Extech
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Instruments Corp. Waltham, MA) immediately after opening the 
respective packages. The unit was standardized with pH 4.0 
and pH 7.0 buffers.
Sarcomere length
The laser diffraction method described by Cross et al.
(1980) was employed to measure the sarcomere length of raw 
steak tissue samples. Muscle tissue was removed from frozen 
storage in liquid nitrogen and cut into 3 x 3 x 2 cm cubes 
with a razor blade and placed into Solution A  (0.1 M KC1,
0.039 M boric acid and 5 mM EDTA in 2.5% glutaraldehyde) for 
2 h. The sample was then covered with Solution B (0.25 M 
KCl, 0.29 M boric acid and 5 mM EDTA in 2.5% glutaraldehyde) 
for 18-20 h. Individual muscle fibers were then teased from 
the muscle cube and placed on a glass microscope slide with 
a drop of Solution B. The slide was then placed 
horizontally in the path of the laser beam (Lasertronics,
Inc.) to image the diffraction bands corresponding to the 
sarcomere length. An electronic digitizer board was placed 
beneath the image to measure the length of the diffraction 
bands.
Headspace 02 and C02 measurement
The headspace gas composition was monitored by 
attaching an adhesive-backed, impermeable, rubber septum to 
the film surface to prevent leaking of gas during 
measurement (1450, Servomex, Sussex, England).
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Weight loss
Purge loss was calculated as the percent difference in 
final sample weight after the prescribe storage time and 
initial sample weight divided by initial weight.
Objective color measurement
Objective color of steak surfaces were measured as 
HunterLab 'L', 'a', 'b' values using a Hunter Associates
LabScan reflectance spectrocolorimeter, (Model LABSCAN-2 
0/45, Hunter Associates Laboratory, Inc., Reston, V A ) . 
HunterLab 'L' (lightness), 'a' (red/green), and 'b' 
(blue/yellow) values were measured with a 90 degree rotation 
between 3 readings per sample. The spectrocolorimeter was 
standardized with a white tile ("L" = 92.4, "a" = -0.7, "b"
= -0.9) and a black tile. All samples were removed from 
packaging and allowed to equilibrate and bloom in 
atmospheric air at 4°C in dark conditions for 30 minutes 
prior to color reading.
Electrophoresis
Myofibrils were purified according to the procedures as 
outlined by Goll et al. (1974). Briefly, tissue was 
homogenized (Tissuemizer, Tekmar, Cincinnati, OH) and 
myofibrils were electrophoresed on pre-cast 4-20% glycine 
gradient gels using 0.5 mg protein per |il per lane with a 
125 V, 80 - 40 mA, 90 min run time (Novex II Mini-Cell,
Novex).
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Calpastatin
Samples for calpastatin measurement were selected at 0 
or 48 hr postmortem, double wrapped in aluminum foil, placed 
in plastic vials and frozen in liquid nitrogen. Samples 
were sent packaged in dry ice by overnight delivery to an 
outside laboratory for analysis. The procedure outlined by 
Wheeler and Koohmaraie (1991) was used to determine 
calpastatin activity. One unit of activity was defined as 
the amount of inhibitor that inhibited one unit of DEAE- 
Sephacel purified m-calpain activity and was reported as 
units of activity/gram of muscle (Whipple and Koohmaraie,
1993).
Cooking and shear determination
Steaks were cooked over an electric grill (Farberware 
Open-Hearth Broiler) to an internal endpoint temperature of 
70C. Samples were then covered and cooled to room 
temperature, reweighed, and cores were removed. Six 1.27 cm 
round cores per steak were sheared perpendicular to the 
muscle fiber direction using a Warner-Bratzler shear 
attached to an Instron Universal Testing Machine (100 
mm/min) (Instron Corporation, Model 4501, Canton, M A ) . Peak 
force (kg) was recorded from each core.
Statistical procedures
A randomized block design with a split-split-plot 
treatment arrangement was used for the model. Animals were
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blocked to reduce variation. The main plot was fabrication 
time (0 or 4 8 hours postmortem) and the subplot was package 
type (vacuum, ambient pressure MAP, high pressure MAP) . The 
sub-sub-plot was days of storage (0, 2, 7, 14). All data 
were analyzed for Analysis of Variance (ANOVA) using the 
General Linear Models (GLM) procedure of SAS (1989). The 
model was:
Yijki = H + Pi + CLj + (3k + Yi + (ap)j!c + sl)k
where: i = animal
j = fabrication time 
k = package type 
1 = storage.
Correlation coefficients were obtained using the Proc Corr 
procedure of SAS (1989).
Results and Discussion
Results from ANOVA indicated that the overall pH values 
of PM48 steaks were lower (P < 0.05) than for the PMO steaks 
(Table 3.2). This difference is likely due to the more 
rapid temperature decline of PMO steaks which had more 
surface area exposed by way of fabrication within 2 hours 
postmortem, whereas the PM4 8 samples chilled at the normal 
rate of intact carcasses. Troy et al. (1986) reported a 
similar trend with bovine M. longissimus dorsi. The 
reported pH value for early postmortem meat (1 h) stored at 
37°C fell from pH 6.90 at 1 h to 5.74 at 6 h and the samples 
stored at 4°C remained at pH 6.55 at 7 h postmortem (Troy et
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al., 1986) . Packaging method also had an influence on 
overall meat pH. While not different from each other, both 
MAP treatments were significantly higher in pH values than 
the VP treatment. Meat that was packaged in VP could have 
been in conditions that would promote the growth of lactic 
acid producing bacteria, such as Lactobacillus, could have 
created conditions that lowered the meat surface pH.




0 6.059 ± 0.03°
48 5.674 ± 0.04a
Package pH
VP 5.692 ± 0. 07a
MAPI 5.941 ± O o o
MAP 2 5.967 ± Goo
ab LS Means for each main effect with different letters are 
different (P < 0.05)
As shown in Table 3.3, calpastatin activity was lower 
(P < 0.05) for PM48. Calpastatin specifically inhibits both 
H-calpain and m-calpain (Koohmaraie, 1992) and an 
association exists between greater postmortem calpastatin 
activity and less tender meat (Whipple and Koohmaraie,
1993) . In the presence of sufficient calcium, the calpain 
enzyme system creates sufficient proteolysis to induce 
tenderization (Koohmaraie, 1996). Koohmaraie (1996) has 
implicated ji-calpain, not m-calpain, as responsible for meat 
tenderization. The more rapid cooling rate of the PMO
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4 6
steaks could have influenced the calpastatin levels and thus
affected tenderness. This is supported by Koohmaraie (1996)
who stated that the rate of autolysis and the subsequent
loss of activity is decreased with decreasing temperature.




0 2.266 ± 0.22b
48 1.714 ± 0.113
Postmortem
Time (hr)
0 2.378 ± 0.11b
48 1.602 ± 0.22a
abLS Means within main effects with different superscripts
are different (P < 0.05).
cAmount that inhibits one unit of m-calpain activity/gram of 
muscle
Sarcomere length is also related to meat tenderness 
(Koohmaraie, 1996; Wheeler and Koohmaraie, 1994; Smulders et 
al., 1990). There were, however, no differences (P > 0.05) 
between PM4 8 and PMO steaks for sarcomere length for the MAP
packaged samples (Figure 3.1). Only the VP samples
fabricated at PM48 exhibited significantly longer sarcomeres 
(P < 0.05). Even though sarcomere length and peak shear 
force were related (r = -0.30; P < 0.05) (Table 3.4), cold- 
induced shortening does not explain the tenderness 
difference between PM48 and PMO steaks. As noted by 
Koohmaraie (1996), sarcomere length and shear force is most 
highly related at one day postmortem when very little












Influence of Fabrication Time and Packaging 







■ 0 hr Fab 
□48 hr Fab
a *̂LS Means with different letters are different (P < 0.05)
Figure 3.1 - Influence of fabrication time and packaging on 
sarcomere length for beef semimembranosus steaks











postmortem tenderization has occurred and the relationship 
between sarcomere length and shear force is not very 
meaningful at 14 d. Smulders et al. (1990) reported a
similar relationship between Warner-Bratzler shear and
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4 8
sarcomere length (r = -0.50), but found the relationship 
only meaningful for higher pH muscles (> 6.33) . When 
comparing muscles of lower pH (5.40 - 6.27), the correlation 
between shear force and sarcomere length was only r = -0.12. 
The present study determined a significant negative 
relationship between pH and sarcomere length (r = -0.23) 
indicating longer muscle cells at lower pH ranges.
Furthermore, a high relationship between pH and shear force 
(r = 0.60) was noted.
Analysis of other factors indicates that enzymatic 
tenderization occurred to a greater degree for PM48 steaks. 
When purified myofibrils were subjected to electrophoresis, 
samples from PM4 8 displayed more degradation of 50 kDA 
compounds at 48 hours postmortem than PMO samples (Figure
3.2). Furthermore, PM48 samples displayed a more pronounced 
degradation of compounds >250 kDA than PMO steaks. This 
indicates that proteolysis does occur to a greater degree in 
the PM48 samples and may explain the increased tenderness 
not supported by sarcomere length variation. Smulders et 
al. (1990) reported evidence that did not eliminate the 
possibility that short-sarcomere muscles could differ widely 
in inherent proteolytic activity. According to Spanier et 
al. (1990), total proteolytic enzyme activity was still 
higher at 360 hr postmortem than immediately following 
slaughter. The availability of enzyme activity during the
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postmortem period would be responsible for degradation of 
the inter-myofibril (desmin and vinculin) proteins and 
intra-myofibril (titin, nebulin, troponin-T) proteins in the 
sarcomere (Koohmaraie, 1983; Goll 1983b). These proteins 
are primarily responsible for maintaining the structural 
integrity of the myofibrils and their degredation results in 
weakening of the myofibrils and, therefore, tenderization 
(Koohmaraie, 1996).
SDS-PAGE
Myofibrils fabricated a t PMO or PM48
FAB, PM 0,0 0,48 2,48
A nim al s t d  563 65£ 7&} j>63 653 723 563 653 723
50 kDA 
30 kDA
Figure 3.2 - SDS/polyacrylamide-gel electrophoresis of beef 
myofibrils from semimembranosus fabricated at 0 or 48 hours 
postmortem
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Figure 3.3 shows results determining steaks fabricated 
at PM4 8 to be more tender (P < 0.05) than those fabricated 
at PMO. Even though stored for the same amount of time 
postmortem, hot boning of the semimembranosus had a negative 
impact on texture through 14 d of simulated distribution and 
display. Hot deboned steaks required 14 d to reach the same 
tenderness level that PM4 8 steaks had reached at 2 d (Figure
3.4). Typically, postmortem storage promotes meat 
tenderness (Troy et a l ., 1986), which was observed for both 
PM48 and PMO fabricated samples. The PMO steaks did not 
exhibit the improvement in tenderness until at least day 7 
of storage. While hot boning may reduce energy and labor
<0UH0h
m0)jrco
Warner-Bratzler Shear Force For 










LS Means with different letters are different (P < 0.05)
Figure 3.3 - Influence of postmortem fabrication time on 
beef tenderness
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costs for chilling and fabricating carcasses, its practice 
has not been widely accepted in the domestic beef slaughter 
industry (Wheeler et al., 1991). The detrimental impact of 
hot boning was clearly demonstrated in the present study, 
but does not agree with the findings of Wheeler et al.
(1991). Their findings did not indicate any detrimental 
effects of hot boning on round tenderness or cooking traits 
and was confirmed by Seideman and Cross (1982). Bell et al. 
(1996) cooled hot deboned strip loins with two regimes, 1)
5C for 24 hr and transferred to -1C for storage, and 2) 5C 
for 24 hr, hold for 6 d, storage at -1C. The results were 
consistent with the present study, showing that eight days 
of age were required for the more rapid cooling regime for 
acceptable (8 kg force) tenderness to develop.
As seen in Table 3.5, hot boning was beneficial in 
reducing purge in the form of drip-loss (P < 0.05) but had 
no impact on cook-loss. Zarate and Zaritzky (1985) reported 
the advantages of high pH and rapid cooling on the reduction 
of purge. Packaging also had a significant impact on drip- 
loss. Samples from VP had significantly less (P < 0.05) 
purge as compared to MAPI and MAP2. Vacuum packaging has 
also been reported to not produce an excess of weep while 
inducing a longer storage life (Zarate and Zaritzky, 1985).
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Warner-Bratzler Shear Force for Beef 
Semimembranosus Steaks
11
-a- -0 hr Fab 








abcdLSMeans with different letters are different (P < 0.05)
Figure 3.4 - Peak force shear determinations for beef 
semimembranosus steaks during simulated storage and display
Table 3.5 - Drip-loss and cook-loss for beef semimembranosus 
steaks stored for 14 days in three packaging systems
VARIABLE TRAIT
FABRICATION (hr) DRIP-LOSS (?) COOK-LOSS (%)
0 1.50 ± .26* 31.93 ± .47“
48 2.39 ± . 30b 31.23 ± .67*
PACKAGING DRIP-LOSS (?) COOK-LOSS {%)
MAPI 2.40 ± .24° 31.19 ± .66“
MAP 2 3.06 ± .23c 30.11 ± .63*
VP 0.38 ± .23* 33.44 ± .75b
STORAGE DAY DRIP-LOSS (?) COOK-LOSS (%)
0 1.99 ± .48° 31.43 ± 1.1“
2 0.80 ± .36* 34.67 ± .79b
7 2.27 ± .34° 30.72 ± .65*
14 2.73 ± .24b 39.52 ± .65*
*bcLSMeans + SEM within columns for each variable with different letters 
are different (P < 0.05) .
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The difference in purge due to packaging is primarily 
ecause of a surface area phenomenon; VP samples were intact 
and MAP samples were pre-cut to simulate a case-ready 
scenario. Had VP samples been pre-cut into steaks, the 
results likely would have been different. Cooking loss was 
greater, however, in steaks from VP (P < 0.05). Hot boning 
had no influence on cooking loss which is contradictory to 
most studies. For instance, Wheeler et al. (1991) found hot 
boned biceps femoris muscles to have greater cook-loss than 
those left intact on the carcass to chill (27.11 vs. 24.8%).
Gas concentration of MAP samples was monitored over the 
course of the experiment to verify MAP treatment and to 
observe any gas concentration changes that could occur.
Carbon dioxide levels remained essentially unchanged over 
the 14 d period, remaining close to the 20% target (Figure
3.5). Oxygen levels were maintained at 0% until d 12 when 
samples had headspace gas exchanged for a high oxygen 
mixture to bloom product for the simulated display (Figure
3.6). After exchange, oxygen levels were approximately 55%. 
The gas exchange system of Mitchell (1990) is designed to 
remove one gas atmosphere from a package and replace it with 
another. In order to prevent deformation of the product 
during the vacuum and flush cycle, a 100 percent exchange is 
not feasible. Exchange rates of 68-70% are typical.
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Carbon Dioxide Concentration of MAP 
Beef Semimembranosus
21






Figure 3.5 - Carbon dioxide concentration in headspace of 
MAP semimembranosus steaks over 14 days of storage










2 7 12 14
Day of Storage
Figure 3.6 - Oxygen concentration in headspace of MAP 
semimembranosus steaks over 14 days of storage
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Steaks fabricated at PM48 were lighter, more red, and 
less blue (P < C.05) than those fabricated at PMO (Figure
3.7) . Hot bonir.g had a significant negative impact on 
subsequent meat color, most notably yielding a product with 
a darker (lower HunterLab 'L' value) than steaks fabricated 
at PM48. Pre-rigor meat has been shown to be darker than 
post-rigor meat, even after exposure to oxygen for a period 
of time sufficient for oxymyoglobin formation (Cornforth and 
Egbert, 1985). Bell et al. (1996) have shown that no 
differences existed between rapidly or slowly chilled hot 
boned strip loins in Hunter CIE 'L' values at 56 and 70 days 
after slaughter in either CO: or VP product. Furthermore, 
no relationship was found between Hunter CIE 'a' values 
after 2 hr display and the post-slaughter aging regime of 
the meat (Bell et al., 1996). Furthermore, dark colored 
muscle is usually associated with higher pH values 
(Cornforth and Egbert, 1985). This is supported by the 
higher pH of the PMO meat as compared to the PM48 meat 
(Table 3.2). Additionally, the HunterLab 'a' values were 
inversely related to pH (r = -0.242; P < 0.014) indicating 
lower redness values as pH remained at higher levels (Table
3.3) .
The influence of packaging methodology and storage time 
was also investigated as a source of variation for color. As 
seen in Table 3.6, HunterLab 'L' values were only different
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Figure 3.7 - Influence of fabrication time on beef 
semimembranosus steak color
at day 14 where either of the two MAP samples was found to 
be lighter than the VP samples. No meaningful differences 
were identified for HunterLab 'a' or 'b' values due to 
ackaging treatments. The methodology of allowing each 
sample to equilibrate in air before measurement of color was 
intended to identify irreversible color changes due to 
packaging differences and did not predict color of products 
that were inside packages. Bell et al. (1996), however, 
reported the Hunter CIE 'a ’ values of hot deboned strip 
steaks to be higher for C02 packaged product versus VP after 
42 d of storage, but the reverse was true when stored for 84
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Table 3.6 - HunterLab color values for beef semimembranosus 
steaks stored for 14 days in three packaging systems
HunterLab 'L'
Day of Storage MAPI MAP2 VP
0 23.25 ± 1.4“ 23.11 ± 1.4“ 24.27 ± 1.9“
2 26.60 ± .77*“ 27.62 ± .69“ 26. 45 ± .73“
7 28.34 ± .69“ " 27.17 ± .69“ 28.22 ± .69“
14 29. 63 ± . 69'"'”’-’ 29.93 ± . 69:/ 27.84 i .69“
HunterLab'a 1
MAPI MAP2 '/P
0 6. 13 ± . 7 0 “ 6.20 ± .70“ 4 . 18 ± .90“
2 7.61 ± . 3 8 5" 7.32 ± . 34*“ 7.92 ± .36“
7 9. 53 ± . 34tv 8.09 ± .34" 9.91 ± . 34 "--
14 10.42 ± .34"' 10.27 ± .34" 10.59 ± .34“
HunterLab 'b'
MAPI MAP 2 VP
0 3. 12 ± .51“ 3.07 ± .51’" 3.21 ± . 66“
2 4 . 86 ± . 2 6“ 5. 17 ± .23“ 5.08 ± .25“
/ 5.88 ±  .23 ■ 5.42 ± .23“ 6.25 ± . 2 3:/
14 6. 60 ± .23-' 6.59 ± .23-" 6. 87 ± .23“
‘“ LSMeans within columns for each color variable with different letters 
are different (P < 0.05).
"•'LSMeans within rows for each color variable for each day of storage 
with different letters are different (P < 0.05).
d. The differences in color due to packaging procedures in 
case-ready systems have been previously demonstrated (Huang 
et al., 1993; McMillin et al., 1994).
Conclusions
Modified atmosphere packaging is effective in promoting 
color attributes of beef, but fabrication time is the 
limiting factor in the packaging of beef steaks as soon 
after slaughter as possible. Hot boning of beef 
semimembranosus steaks negatively influenced the texture 
characteristics of the cuts. Sarcomere length, or cold 
induced shortening did not explain the differences in
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tenderness between PMO and PM48 steaks. Inhibited enzymatic 
proteolysis seems to be the reason for increased toughness 
in the PMO steaks. Further work needs to be done to 
quantify the total shelf-life advantage of fabricating and 
packaging beef cuts as soon as sufficient tenderness has 
developed.
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EFFECT OF OZONE CONCENTRATION AND EXPOSURE TIME 
SURVIVABILITY OF ESCHERICHIA COLI a-DH5 
AND PSEUDOMONAS AERUGINOSA
59
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Introduction
Controlling pathogens at all stages of the livestock 
and meat industry, including production, processing, 
distribution, retailing, and in-home handling, has been 
identified as a crucial area of research for the 
identification of practical methods to prevent foodborne 
diseases (Cliver, 1993). Recently, the rate of scientific 
work on pathogen control has increased dramatically with new 
antimicrobial technology being tested and approved at a 
record pace (Stentz, 1996). Carnevale (1995) noted that 
public health concern has shifted from residues, pesticides, 
and environmental contaminants to microbiological issues 
involving human pathogens and their association with illness 
and mortality. Even if technologies reduce the likelihood 
for pathogen growth on fresh meat products, steps must be 
implemented to insure that no recontamination occurs 
immediately prior to packaging. One strategy to eliminate 
the concern for postprocessing, prepackaging contamination 
is for the pasteurization or sterilization of products 
during or after packaging (Smith et al., 1997) .
Ozone is a very powerful oxidizer capable of destroying 
and slowing the growth of microorganisms (Diaper, 1972).
Ozone has been used to disinfect, remove color, odor, and 
turbidity, and to reduce organic loads in wastewater from 
treatment plants in Europe since the 1900's (Diaper, 1972).
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Ozone has been used to purge shellfish (Anonymous, 1972), 
prolong shelf life of fresh fish (Nelson, 1982), disinfect 
poultry carcasses and chill water (Sheldon and Brown, 1986), 
and to reduce bacteria on poultry meat (Yang and Chen, 1979) 
and chilled beef (Kaess and Weidemann, 1968) . The objective 
of this study was to determine the lethality of different 
concentrations of ozonated gas and differing exposure times 
on cultures of E. coli and Pseudomonas sp.
Experimental Procedure
Escherichia coli a-DH5 (EC) and Pseudomonas aeruginosa 
(PA) were grown in Tryptic Soy Broth (TSB) (Difco). Twenty- 
four hours after incubation (35°C), cultures were 
transferred (1 *) to fresh broth and again incubated under 
shaken conditions (40 rpm) for 24 hours. Serial dilutions 
of cultures were plated on Tryptic Soy Agar (TSA) (Difco) 
petri dishes using spread plate procedures with 20 ml agar 
per plate. Absorbance of broth was measured and related to 
log CFU/ml. Petri dishes were inoculated with ~ 1.75 log 
CFU/0.1 ml. The final TSB solution was log 2.75 CFU/ml and 
a 0.1 ml volume was plated on the TSA plates to insure all 
inocula was absorbed. Inoculated plates were then placed in 
barrier pouches that were evacuated (50% vacuum) and sealed. 
Pouches were filled through adhesive-backed, rubber septums 
with 0, 100, 1000, or 5000 ppm ozone generated (Ozone 
Technology, Inc., Tyler, TX) from bottled gas (20* CO:, 2.5*
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0-_, 77.5% N ) . Bags were placed in a template and filled 
with gas to the same level as measured by bag height to 
insure equal volumes (approx. 250 ml) of ozonated gas.
Ozone concentration was varied using differences in 
electrical current with no changes in gas flow rate. A  
calibration was performed using a potassium iodide method 
(Nelson, 1992) to verify ozone concentration. In each 
experiment, duplicate pouches containing inoculated plates 
were randomly treated within each concentration level and 
opened at predetermined exposure times of 1, 10, or 50 
minutes as marked on each pouch. The second experiment used 
0, 1000, 2500, or 5000 ppm ozone with all other factors the 
same. All plates were counted after 48 h incubation at 
35°C.
The statistical model was a randomized block design 
with a factorial treatment arrangement. Microorganism type 
(EC and PA) was blocked with treatment main effects of 
concentration and exposure time. Duplicate petri plates 
were subjected to each concentration and exposure time 
combination for a total of 48 observations per experiment.
The statistical model was:
Yi;, = |i + p. + a- + P:.; + (aP)-.; + Si;*
where: i = constants for block effects (EC and PA),
j = concentration, and 
k = exposure time.
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All data were analyzed by analysis of variance (ANOVA) using 
the general linear models procedures (GLM5 of the 
Statistical Analysis System (SAS, 1989) . The PDIFF option 
of the Least Squares Means procedure of SAS was used to 
separate means with differences of P < 0.05.
Results and Discussion
Results from ANOVA indicated that no significant 
treatment interactions existed and that the exposure time of 
ozone had no effect (P > .10) on microbial survival.
Regardless of exposure time (1, 10, or 50 min), log growth 
was the same across all concentration gradients for EC and 
PA. (Table 4.1)
Table 4.1 - Effect of ozone exposure time on survivability 
of microorganisms*
Log CFU/0.1 ml (± S.E.M.)
Exposure Time (min) Study I Study II
1 1.430 ± 0.108 0.732 ± 0.087
10 1.414 ± 0.114 0.669 ± 0.087
50 1.455 ± 0.101 0.775 ± 0.087
* LS Means are not different within each study (P > 0.10)
In the first experiment, ozone concentrations of 0,
100, or 1000 ppm were not different from each other (P >
.10) (Table 4.2). However, 5000 ppm ozone was sufficient to 
reduce log counts from an average of 1.714 log CFU/0.1 ml 
for 0, 100, and 1000 ppm to 0.592 log CFU/0.1 ml. The 
second experiment was changed so that the 100 ppm ozone 
concentration treatment was replaced with a concentration of
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2500 ppm. Results indicated that ozone concentrations of 
either 2500 or 5000 ppm decreased (P < .01) the log number 
of viable microbial cells on TSA by 8 6.7% over the controls 
in both experiments.





Study I Log CFU/0.1 ml (± S.E.M.)
0 1.780 ± 0.127=
100 1.822 ± 0.127=
1000 1.539 ± 0.117=
5000 0.592 ± 0.1243
Study II Log CFU/0.1 ml (± S.E.M.)
0 1.317 ± 0.101=
1000 1.152 ± 0.101=
2500 0.258 ± 0.1013
5000 0.175 ± 0.1013
3= LS Means with different letters are different within each
study (P < 0.05)
Most recent research on ozonation has focused on 
incorporation of ozone into water or ice. Sheldon and Brown
(1986) reported a reduction in aerobic plate count, coliform 
and fecal coliforms, and Salmonella isolated from broiler 
carcasses chilled in ozonated water (3.0-4.5 ppm) as 
compared to microbial counts from hot carcasses. Yang and 
Chen (1979) reported similar results for a reduction in 
total microbial counts for broiler parts in ice water having 
3.88 mg/1 ozone dispersed through the product for 20 min. 
Furthermore, results indicated reductions in total microbial 
counts of 86.0 to 90.5% for an effective increase in shelf-
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life of 2.4 days. Yang and Chen (1979) postulated that 
ozonated water was more effective against gram-negative rod- 
type organisms than any other types of bacteria. Restaino 
et al. (1995) also indicated that gram negative bacteria 
were substantially more sensitive to ozonated water than 
were gram positive bacteria.
Compared with other studies, higher ozone 
concentrations are required when dissolved in a gaseous form 
rather than in the form of ice or water. Kashiwagi et al,
(1987) reported effectiveness of gaseous ozone (0.05 ppm) in 
reducing the microbial growth on processing equipment and 
the inside of pipes. This treatment, however, required from 
three to 40 days for the elimination of microorganisms 
including E. coii, Aspergillus niger, and Staphylococcus 
aureus. Kashiwagi et al. (1987) also reported similar 
effects of ozone gas in reducing microbial contamination in 
the enclosed spaces of air conditioner coils. Further 
research reports that ozone concentrations of 6, 000 ppm for 
120 min. would effectively achieve a 10c reduction in 
Bacillus sp. on medical equipment (Kashiwagi et al., 1987). 
Kashiwagi et al. (1987) also indicated that temperatures and 
relative humidity had an influence on the effectiveness of 
ozone gas treatment.
Another objective of this study was to investigate the 
efficacy of ozone treatment on survival of the two species
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of gram negative bacteria representing spoilage and 
pathogenic types found on meat. In the first experiment, 
treatment with 5000 ppm ozone reduced EC log CFU/0.1 ml 
numbers by 85.0% while reducing PA cells by only 55.9%
(Figure 4.1). Experiment II indicated similar results of 
5000 ppm with reductions of 90.7% and 79.2% for EC and PA, 
respectively (Figure 4.2). Both experiments indicated that 
EC was more susceptible to ozone treatment than was PA.
Sheldon and Brown (1986) reported similar results with 
broiler carcasses rinsed in 3.0-4.5 ppm ozonated chill 
water. The results indicated a 78% reduction in total plate 
counts, a 91% reduction in coliforms and fecal coliforms, 
and an 81% reduction in Salmonella. Jindal et al., (1995) 
reported that treating broiler drumsticks with 0.44 to 0.54 
ppm ozonated water reduced Pseudomonas aeruginosa to a 
lesser degree as compared to the reduction of total Gram- 
negative and Gram-positive organisms (0.38 vs. 1.11 and 1.14 
logs, respectively). Restaino et al. (1995), however, 
reported no difference between E. coli and P. aeruginosa 
with respect to the amount of death and overall patterns of 
the death curves after one minute exposure to ozonated water 
(0.188 mg/1). Yang and Chen (1979) reported a 5.22% 
incidence rate for Pseudomonas spp. in air treated poultry 
suspensions versus a 3.64% for 2.48 mg/1 ozonated samples.
The research also indicated a control population of 22.4%
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Figure 4.1 - Influence of ozone concentration on 
microorganism survival (Experiment I)
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Figure 4.2 - Influence of ozone concentration on 
microorganism survival (Experiment II)
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gram-negative rods, of which PA is classified, versus 12.7* 
for ozone treated samples (Yang and Chen, 1979).
Early work by Fetner and Ingols (1956) reported a 0.4- 
0.5 mg/1 ozone concentration dissolved in water as the 
threshold level needed to kill E. coli at 1°C for one 
minute. The present study tends to agree with the findings 
of Fetner and Ingols (1956) who suggested an all-or-none 
mode of action for the killing effect of ozone on bacteria. 
Even though exposure time had no influence, each ozone 
concentration either appeared to kill bacteria or had no 
effect at all. This theory does not agree with that of 
others (Restaino et al., 1995; Katzenelson et al., 1974). 
Restaino et al. (1995) maintained that ozone at a single 
concentration (0.15 - 0.20 mg/l) over a five minute period 
did not indicate an all-or-none phenomenon. Katzenelson et 
a l . (1974) and Finch et al. (1988) showed that ozone killed
microorganisms via a partial or biphasic process. This 
death response was characterized by an early rapid stage 
followed by a slower inactivation phase. The present study 
demonstrated that at 50 minutes of ozone exposure, the kill 
was the same as the one minute treatment; no additional 
inactivation occurred after the first minute of exposure. 
Conclusions
Ozone was effective in reducing the number of viable 
microbial cells from pure culture solutions inoculated on
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agar. The overall results of the present study agree with 
the conclusions of Restaino et al., (1995) who stated that 
ozonated water can effectively kill spoilage (P. aeruginosa) 
and fecal contaminant IE. coli) organisms. Further work 
with meat and food products needs to be conducted to 
determine the efficacy and to identify any detrimental 
effects that might exist with other quality traits of foods. 
Since exposure time does not seem to influence the lethality 
of ozone on inoculated cultures, lethal concentrations need 
researching in conjunction with varying temperatures and 
relative humidities. Extremely humid ozonated gases or 
mists need testing for microbial reduction properties since 
ozonated water and ice are effective at much lower 
concentrations than gaseous ozone. This study, using pure 
cultures on agar, should give insight into guidelines for 
future research using food products for testing the 
effectiveness of ozone for the reduction of microorganisms.
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INFLUENCE OF OZONE AND GAS COMPOSITION ON MICROBIAL GROWTH, 
COLOR, AND LIPID STABILITY OF GROUND BEEF PATTIES 
INOCULATED WITH ESCHERICHIA COLI a-DH5
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Introducti on
Foodborne infections involving meat products have 
increased consumer awareness of possible pathogen 
contamination of food supplies (Kropf et al., 1996). This 
increased awareness is partially due to widely publicized 
cases of foodborne illness and an increasing trend for 
greater media reporting of such hazards (Schmidt, 1996).
Each year, foodborne illness affects one in five Americans, 
usually caused by pathogenic microorganisms (AMI, 1997). 
Escherichia coli 0157:H7 has become firmly established as a 
foodborne pathogen in both the popular press (Morganthau,
1997' and the scientific literature (Brackett et a l ., 1994; 
Belongia, et al., 1991). As case-ready meats are 
increasingly available and accepted at retail store levels, 
the ability to influence, if not inhibit, the growth of 
pathogenic microorganisms is highly valuable.
Several studies have demonstrated the merits of 
modified atmosphere packaging (MAP) using exclusion of 
atmospheric air, as in vacuum packaging (VP), or replacement 
of air with predetermined gases for extending the shelf life 
of fresh meat (Christopher et al., 1979; Huffman et al.,
1975) . High CO; levels in MAP (>15%) will inhibit microbial 
growth, and hence, extending shelf life (Baker et al., 1986; 
Blickstad and Molin, 1983; Hermansen, 1983; Clark and Lentz, 
1972). Modified atmosphere packaging with oxygen as a
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component of the gas mixture will also extend the desirable 
bloomed oxymoglobin state of fresh meat (Bell et al., 1996; 
Gill and Jones, 1996).
Ozone has been reported to be detrimental to 
microorganisms (Jindal et al., 1995; Kashiwagi et al.,
1937). Previous research has confirmed the damaging nature 
of ozone toward bacteria (Chapter 4) and has led to 
innovative ways to inhibit microbial growth in packaged food 
products (Smith et a l ., 1997). Therefore, the objectives of 
this study were to examine aerobic and coliform bacterial 
growth on ground beef patties under different modified 
atmosphere packaging treatments and to also examine the 
effects of vacuum packaging or gas atmospheres on ground 
beef color and lipid stability.
Experimental Procedure
Chub packed coarse ground beef (15% fat) was procured 
from a commercial ground beef supplier (Fairbank Farms, 
Ashvilie, NY). All chubs (~ 18.2 kg) were opened and mixed 
(3 min.) in a previously sanitized ribbon blender (Butcher 
Boy, Los Angeles, CA). Half of the mixed product was 
removed and further divided into 2.2 kg batches. Three of 
the four meat blocks were reground (3.18 mm plate) and 
formed into 113 gm square patties. Each of the 2.2 kg 
sample groups was then randomly assigned to one of four 
packaging treatments: 1) VP - coarse ground product placed
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in barrier pouches (Koch Supplies, Kansas City, MO), 2)
OXYGEN - patties in MAP with 80%O: : 20%CO:, 3) NITROGEN - 
patties in MAP with 80*N-: 20*CO;, and 4) OZONE - patties in 
MAP with 77 . 5*N:: 20*CO;: 2 . 5iO: that had been ozonated to 2500 
ppm 0-. All gases were pre-mixed food grade packaging 
gases. Coextruded rigid plastic barrier trays (Rexam,
Union, MO) with barrier lidding film (Curiam, Curwood, New 
London, WI; OTR 0.1 cc/citr/24hr at 22.8°C, 0% RH; MVTR 1.5
cc/rrr/24 hr at 22.8°C, 0% RH) were used for packaging 
materials. Samples in VP were reground (3.18 mm plate) and 
formed into 113 g patties and overwrapped with polyvinyl 
chloride film (PVC, Borden Resinite, OTR 325 cc/cirr/24hr at 
23°C,0* RH) on conventional foam polystyrene trays on day 
10. MAP treatments OZONE and NITROGEN had headspace gases 
exchanged for 80*0:, 20iCO; on day 10. All trays were 
stored in corrugated boxes in dark conditions at 2°C. After 
gas exchange and overwrap were performed on d 10, all trays 
were displayed at 7°C under cool white fluorescent lighting 
(~ 2700 Lux).
The remaining coarse-ground beef product (9.1 kg) was 
mixed (2 min.) with a 100 ml solution containing log-.; 4.94 
cfu/ml of Escherichia coli a-DH5 (EC) for an effective 
concentration of log-_: 2.98 cfu/gm. After thorough 
incorporation of the added EC, the meat block was processed
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as the control (CT) meat by regrinding and packaging as 
appropriate.
All microbial enumerations were performed using 3M 
Petrifilm™ (3M Health Care, St. Paul, MN) Aerobic Count 
Plates for total aerobic bacteria enumeration and E. coli 
Count Plates for enumeration of Escherichia coli and 
coliforms (Smith et al., 1985). Samples were transferred to 
sterile plastic bags after removal from packages and stored 
immersed in crushed ice. Duplicate 10 g samples were 
removed from the patties so as to include surface and 
interior meat and placed with 90 ml 0.1% peptone water for a 
1:10 (w/v) ratio and homogenized for 1 minute in a stomacher 
(Tekmar, Cincinnati, OH) . Serial dilutions were transferred 
to Petrifilm™ and plates were incubated at 35°C and read at 
48 h. All plates were reported as log-, cfu/gm sample.
Samples for rancidity analysis were taken from patties 
at the same time and in the same manner as bacteriological 
samples were extracted. Thiobarbituric acid reactive 
substances (TBARS) were determined according to the 
procedure of Tarladgis et al., (1960). Duplicate 10 gm 
samples of each patty were placed in 250 ml flasks with 97.5 
ml distilled water and 2.5 ml 4.0 N HC1. Flasks were heated 
on high (Organomation Assoc., Berlin, MA) until 50 ml 
distillate was collected. Five ml of distillate was mixed 
with 5 ml of TBA reagent and heated in boiling water for 30
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minutes. The samples were cooled in running water and the 
optical density was read at 535 nm (Spectronic Instruments, 
Model 20D, Rochester, NY). Results were reported as mg 
malondialdehvde/kg meat.
The headspace gas composition was monitored for 0; and 
CO; concentrations at 0, 5, 10, 12 and 14 days of storage 
using an adhesive backed impermeable rubber septum to 
prevent leaking of gas during or after measurement 
(Servomex, Model 1450, Sussex, England). Objective color of 
patty surfaces was measured at 0, 5, 10 ,12, and 14 days of 
storage. HunterLab 'L', 'a', and 'b' values were recorded
using a Hunter Associates LabScan reflectance 
spectrocolcrimeter, (Hunter Associates Laboratory, Inc.,
Model LABSCAN-2 0/45, Reston, VA). 'L' (lightness), 'a'
(red/green), and 'b' (blue/yellow) values were measured with 
a 90 degree rotation between 3 readings per sample. The 
spectrocolcrimeter was standardized with a white tile ( 'L' = 
32.4, 'a' = 0.7, 'br - -0.9) and a black tile placed behind 
identical film as was used on the packaging. All samples 
were read for color inside the packaging before sample was 
removed.
Three experienced meat scientists (25, 9, and 2 yrs 
professional experience, respectively) evaluated patties for 
subjective evaluation of redness, discoloration, off-odor, 
off-flavor, and beef flavor intensity. Structured hedonic
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rating scales were 0 = brown, 0% discoloration, no off-odor, 
no off-flavcr, and extremely bland beef flavor through 8 = 
bright red, 100% discoloration, extreme off-odor, extreme 
off-flavor, and extreme beef flavor intensity.
A  randomized block design with a split-plot treatment 
arrangement was used. Meat was blocked according to CT or 
EC addition. The main plot was package type (VP, OXYGEN,
OZONE, and NITROGEN) and the sub-plot was days of storage 
(0, 5, 10, 12, and 14). The model is given as:
Y.-.- = p. + pL + a- + p.. + (aP):< +
where: i = package type,
j = day of storage, and 
k = block.
All data were analyzed for Analysis of Variance (ANOVA) 
using the General Liner Models (GLM) procedure of SAS 
(1939). Simple correlation coefficients were obtained using 
the Proc Ccrr procedure of SAS (1989) .
Results and Discussion
Results from Anova describe the headspace gas 
characteristics of MAP ground beef patties. As seen in 
Figure 5.1, oxygen concentration in OXYGEN MAP packages 
stayed relatively constant at approximately 80* over the 14 
day storage period. Carbon dioxide levels were targeted at 
20% for all MAP treatments. Initially, CO; levels dropped 
from day 0 to day 5 (Figure 5.2), presumably due to CO; 
absorption into the meat (Zhao, 1994; Gill, 1988). High
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Figure 5.1 - Headspace oxygen concentration of MAP ground 
beef patties over 14 days of storage
1Gas Excha
Figure 5.2 - Headspace carbon dioxide concentration of MAP 
ground beef patties over 14 days of storage
oxygen packages were not gas exchanged on day 10 as were
NITROGEN and OZONE, and the decreasing CO: trend was noticed
through day 10. However, on days 10 and 12, the CO. level
rose to 21%. This indicates complete CO: saturation into
the meat and suggests a condition of increased microbial
growth resulting in C0: production as a by-product of
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aerobic respiration (Sebranek, 1986). The increased C02 
levels were paralleled by a corresponding drop in 02 levels 
at day 14.
NITROGEN and OZONE samples had headspace gases 
exchanged for high oxygen, identical to the initial gas in 
OXYGEN packages. The exchange rate of 75% resulted in 02 
levels of ~ 62% on day 10 which dropped to 40% by day 14.
This drop in 02 corresponded to a similar trend in C02 
levels inside the package by day 14 and confirmed earlier 
work (McMillin et al., 1990).
The impact of the relative levels of each of the MAP 
gases on meat color, odor, flavor, and microbial growth was 
subsequently studied. Initially, color is most effected by 
the gas composition. The NITROGEN and OZONE treatments were 
designed to leave little or no residual 02 inside the 
package since it is desirable to have 1.0% or less residual 
oxygen for the pigments to remain fully in the deoxymoglobin 
state (Taylor, 1985). Normal cellular metabolism and 
aerobic microbial metabolism is sufficient to utilize small 
amounts of oxygen in the package (Jeremiah et al., 1992).
The main effect of packaging influenced the HunterLab 
'L', 'a', and 'b' values as shown in Figure 5.3. High
oxygen treatment and OZONE patties exhibited the lightest 
color (P < 0.01), followed by NITROGEN and VP patties were 
the darkest (P < 0.01) in color (lowest HunterLab 'L'
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Figure 5.3 - HunterLab color values for ground beef patties 
stored in MAP for 14 days
values). Patties in OXYGEN exhibited the highest redness 
value while OZONE patties were the least red (P < 0.01).
High oxygen and VP treatments were highest in HunterLab 'b' 
values while NITROGEN and OZONE were lowest (P < 0.01). The 
fact that OXYGEN indicated the greatest degree of redness is 
because of the total amount of time the patties were in the 
oxymyoglobin state.
The analysis of the interaction between packaging 
treatment and days of storage is more meaningful, however, 
because of the manipulation of headspace gases to 
purposefully induce color changes (Table 5.1). The OXYGEN 
patties were the most red (P < 0.05) on day 0, while in the 
distribution phase and a bloomed color is not needed. On 
day 10, the beginning of the display phase, OXYGEN patties
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Table 5.1 - HunterLab color values for ground beef patties 
in four packaging types stored over 12 days
PACKAGING
NITROGEN OXYGEN OZONE VP
DAY HunterLab ’L'
00 36.03’ 39. 09c 37. 97" ' 36.19’v
05 39. 32-" 4 2 . 7 5:' 42.14'-" 37. 52ir"
09 41.45"" 4 3.7 3 4 3. 68- 38.08d"
10 4 3. 98=y 42.74"' 42.9 6~~ 39.79’x
12 4 3 . 1447 44 . 67"" 44.51 43. 324=7
SEM = 0.50
DAY HunterLab 'a'
00 9.66’" 19.43 - 11.12c-'- 9.75’"
05 8 . 92 15.24"' 10.32" 9.65“"
09 8. 62*" 11.71“" 10.28“" 9.82="
10 19. 04 r/ 11.23“' 11. 09a" 17.12=;c
12 2.79’' 3.17“' 2.693 ‘ 2.8 6av
SEM = 0.19
DAY HunterLab cr
00 8 . 30“" 10. 90-' 8.72“* 9. 36“":i
05 6.28iv 8.58- 7. SO^" 7.23c/
09 5. 94“' 7.55:v 6. 63"' 7. 35- v
10 8 . 87"" 7.85’ 7.41’" 9 . 5 9:x
12 8.17“'"' 8.08’" 8.27“" 9.0 9C"
SEM = 0 . 1 7
ic:~LSMeans for each color trait within each row with 
different letters are different (P < 0.05).
'■’""-''LSMeans for each color trait within each column with 
different letters are different (P < 0.05).
were not nearly as red as NITROGEN or VP patties (P < 0.05) . 
In fact, NITROGEN patties were as red on day 10 after gas 
exchange as OXYGEN patties were on day 0 (P > 0.10). By day 
12, all packaging treatments were the same (P > 0.10) for 
HunterLab 'a' values, with patties being discolored to the 
point of unsaleable. The advantage of NITROGEN is noted as 
being able to bloom the product at some time after delivery 
to the point of sale, not while in the distribution chain. 
O'keeffe and Hood (1980), however, reported no difference in 
color of beef stored in VP versus 100* N^. This advantage 
of dynamic gas exchange, based on the patent of Mitchell
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(1990), has been previously demonstrated by Ho et al.,
(1995), McMillin et al., (1994), and Kuang et al., (1993b).
Anova revealed nc meaningful differences (? > 0.10) 
among NITROGEN, OXYGEN, and OZONE treatments for total plate 
count, total generic coliform counts, and total generic E. 
coli counts (Table 5.2). Earlier research (Chapter 4) with 
cultures of E. coli and Pseudomonas sp. on agar demonstrated 
the ability of 2500 ppm ozone to effectively reduce 
bacterial numbers. This was not observed to any great 
extent when transposed to a meat system. The absence of the 
antimicrobial influence of 0 ;. on bacteria could be due to a 
number of factors. The total surface area of the ground 
beef product would allow much greater opportunity for the 
O;.molecule to react with meat tissue versus a microbial 
cell. Since the 0:. will react with and oxidize any organic 
substance, whether protein, fat, microbial, the reactivity 
could be lost on the meat itself. Secondly, evidence 
suggests that relative humidity (Kashiwagi, 1987) can affect 
the efficacy of 0;.. This humidity influence is a plausible 
explanation for rhe lack of an antimicrobial influence of 0:. 
after reviewing the effectiveness of ozonated water at much 
lower concentrations versus ozonated gas.
Total aerobic plate counts were lower (P < 0.05) for 
OZONE and NITROGEN as compared to OXYGEN and VP, but this 
effect is likely due to the presence of CO: and the anoxic
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Table 5.2 - Effect of packaging method, on microbial growth 
on ground beef patties over 14 days
Package




E. coli Count 
(Log CFU/gm)
NITROGEN 6.245* 2.776* 2.196”
OXYGEN 6.344= 2.573* 1.965*
OZONE 6.225’ 2.865* 2.264*
VP 6.910" 3.379= 1.969*
S.E.M. 0.025 0.119 0.085
*=" LS Means within columns with different letters are 
different (P < 0.01)
'• LS Means within columns with different letters are 
different (P < 0.05)
conditions during the first 10 days of storage in simulated 
distribution (King and Nagel, 1967). Coliform counts were 
the same for all MAP packaging treatments (P > 0.10), but 
all were lower than VP (P < 0.01). The mean generic E. coli 
counts were not different between packaging treatments 
(0.299 log difference between highest and lowest) to an 
extent that would indicate a meaningful response of the 
packaging treatment. When analyzed over time (Figure 5.4), 
TPC were greatest for VP, and the difference in TPC between 
VP and the other MAP treatments increased toward the end of 
storage. No difference was detected between NITROGEN, 
OXYGEN, and OZONE at any time period during the 14 days (P > 
.10). While TPC increased from log-.; 4 to greater than log-.: 
7, coliform (Figure 5.5) and E. coli (Figure 5.6) counts did 
not increase, and in some cases, actually decreased in 
number by day 14. Nychas and Arkoudelos (1990) reported a 
similar trend for coliform growth in 100% CO: stored at 3°C,
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Total Plate Count log CFU/gm by Package Type
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Figure 5.4 - Total plate count growth on ground beef patties 
under MAP and vacuum packaging
Coliform Growth Log CFU/gm by Package Type
- -N2
— * •  -02
 *  VP
u.
S.E.M . = 0 .2 6 7
Day
Figure 5.5 - Coliform growth on ground beef patties under 
MAP and vacuum packaging
with log-.; CFU not changing appreciably from 3.0 on day 1 to 
2.8 on day 11. Storage temperature would have played a role 
in the lack of growth of coliforms and E. coli. Hao and 
Brackett (1993) reported E. coli to be unable to grow at 
temperatures less than 4°C.
Table 5.3 showed that a log-.- 3 addition of E. coli did 
not allow growth beyond what was naturally present in the
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Figure 5.6 - E. coli growth on ground beef patties under MAP 
and vacuum packaging
Table 5.3 - Effect of added E. coli a-DH5 on microbial 
growth on ground beef patties over 14 days
Total Plate Coliform E. coli
Treatment Count (Log Count (Log Count (Log
CFU/gm) CFU/gm) CFU/gm)
Control 6.409" 2.808" 2. 073"
E. coli a-DH5 6.452" 2.988" 1. 965"
S.E.M. 0.018 0.119 0.060
■ LS Means within, columns were not different (P > 0.10)
meat. On day 0, however, coliform counts were higher (P < 
0.026) for EC as compared to the control patties (Log 3.33 
CFU/gm vs. 2.72 CFU/gm). At no other time were any 
differences detected between control and seeded product (P > 
0.05). It is possible that either the cold meat block 
(1°C), competition with native flora, or inadequate 
buffering capacity contributed to the inability of the E. 
coli a-DH5 to grew in the ground beef patties.
Due to the powerful oxidizing capability of ozone, 
(Diaper, 1972), initial expectations were that ground beef
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patties packaged in 2500 ppm ozone would be highly 
susceptible to oxidative rancidity, but this situation did 
not occur (Table 5.4). High oxygen packaging resulted in 
the highest degree of rancidity as measured by TBARS (P < 
0.01), followed by OZONE. Both NITROGEN and VP exhibited 
the lowest TBARS (P < 0.01).
Thiobarbituric acid reactive substances increased with 
extended storage time (P < 0.01). Days 0 and 5 were the 
same (P > 0.10) but rancidity increased at 10, 12, and 14 
days. Patties were stored under display conditions during 
days 10 through 14 which included continuous light and 
warmer temperatures than during the distribution phase (7°C 
vs. 2°C). All patties were in a bloomed or oxygenated state 
during this time also. Light, temperature, and oxygen all 
influence oxidation of fat in meat to increase the rancidity 
of the product at a faster rate (McMillin, 1996) .
When the interaction between storage day and packaging 
method was analyzed, OXYGEN exhibited an immediate increase 
in TBARS at day 0 as compared to the other three packaging 
methods (Figure 5.7). Similarly, Asensio et a l . (1988)
stated that oxidative rancidity may become a problem in 
refrigerated fresh meats if higher than normal levels of 0: 
are used. The gas content of OXYGEN was 80* oxygen and this 
obviously had an almost immediate impact on oxidation of 
ground beef inside the package. This fact is substantiated
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Table 5.4 - TBARS for day and packaging method for ground 
beef patties stored for 14 days
Main Effect TBARS ”
Day











S . E . M . 0.054
iCr;: LS Means within main effects with different letters are
different (P < 0.01)
" mg malondialdehyde/kg meat
TBARS For Ground Beef Patties
4 -
0 -----------------------------------------------------
0 5 10 12 14
Day
Figure 5.7 - TBARS for ground beef patties stored over 14 
days in different packaging methods
by the positive relationship (r = 0.466) found between 0: % 
and TBA numbers (Table 5.5). All samples were removed from 
packages at day 0 within 2 hours of initial packaging, but
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this time was sufficient to allow the oxidative reaction 
process to initiate. At day 14 of storage, OXYGEN and 
OZONE, while different from each other (P < 0.01), were 
highest in TBARS versus NITROGEN and VP.
On days 10 and 12, subjective panel evaluation of raw 
and cooked patties was performed. Results (Figure 5.8) 
indicated that subjective scores for redness were highest (P
< 0.01) for patties in NITROGEN and lowest (P < 0.01) for 
OXYGEN and OZONE. Patties in OXYGEN exhibited the least 
amount of discoloration (P < 0.01). Patties stored in OZONE 
and VP were highest (P < 0.01) in beef flavor intensity and 
lowest in off-flavor. Off-odors were lowest in patties 
packaged in VP and greatest in OXYGEN and OZONE packages (P
< 0.01). Redness decreased and discoloration and off-odors 
increased from day 10 to day 12 of storage (P < 0.01)
(Figure 5.9). Neither flavor attribute was different 
between days of evaluation (P > 0.05). Lipid and peptide 
components of meat may produce various flavor and odor 
compounds, especially in the presence of 0; (Spanier, 1992).
The high degree of off flavors in OXYGEN and OZONE packages 
may be due to the autoxidation of lipids in the presence of 
molecular oxygen to form various peroxides (Lilliard, 1987; 
Gray, 1978) .

















Subjective Panel Evaluation of Beef Patties
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Structured hedonic rating scale:
0 = brown, O'A discoloration, no off-odor, no off-flavor, and extremely bland beef flavor 
8 = bright red, 100V, discoloration, extreme off-odor, extreme off-flavor, and extreme beef 
flavor intensity.
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Subjective traits indicated by asterisk are different between day 10 and day 12 
(P < 0.01) .
Structured hedonic rating scale:
0 = brown, 0V> discoloration, no off-odor, no off-flavor, and extremely bland beef flavor 
8 = bright red, 100V, discoloration, extreme off-odor, extreme off-flavor, and extreme beef 
flavor intensity.
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Conclusions
Previous laboratory research results indicated that 
2500 ppm ozone effectively reduced E. coli and Pseudomonas 
sp. in agar by at least one log. In the present experiment, 
the influence of ozone in reducing microbial growth was not 
observed, unlike with pure cultures inoculated on agar. No 
differences (P > 0.10) were observed among NITROGEN, OXYGEN, 
and OZONE treatments for total plate, total generic E. coli, 
and total generic coliform counts. All treatments had lower 
(P < 0.01) counts than for patties in VP on days 5, 10, and 
12 after packaging. HunterLab 'a' values (redness) and 
subjective scores for redness on day 10 were highest (P <
0.01) for patties in N-. and lowest (P < 0.01) for 0.-. and 0-. 
Patties stored in 0: and VP were lowest in off-flavor.
Patties in VP were lowest in off-odor. Patties in 0- 
exhibited the greatest oxidative instability (TBARS). The 
bacteriostatic influence of CO- was observed across all MAP 
scenarios as compared with VP. The absence of the 
antimicrobial influence of 0 ;. on bacteria could be due to a 
number of factors. The total surface area of the ground 
beef product would allow much greater opportunity for the 03 
molecule to react with versus a microbial cell. Since the 
0-. will react with and oxidize any organic substance, 
whether protein, fat, microbial, the reactivity could be 
lost on the meat itself. Secondly, evidence suggests that
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relative humidiry (Kashiwagi, 1987) can affect the efficacy 
of 0;.. This is a plausible explanation in considering the 
effectiveness of ozonated water at much lower concentrations 
versus ozonated gas.
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Modified atmosphere packaging is effective in promoting 
color attributes of beef, but fabrication time is the 
limiting factor in the packaging of beef steaks as soon 
after slaughter as possible. Hot boning of beef 
semimembranosus steaks negatively influenced the texture 
characteristics of the cuts. Sarcomere length, or cold 
induced shortening, did not explain the differences in 
tenderness between PMO and PM48 steaks. Inhibited enzymatic 
proteolysis seems to be the reason for increased toughness 
in the PMO steaks. Hot deboned steaks had less driploss 
than steaks fabricated at 48 hr postmortem. Steaks in VP 
had a higher percent cookloss than either of the MAP 
samples. No differences were found between VP, MAPI, and 
MAP2 for HunterLab 'a' values after 14 d of storage and 
display. Hot boning did, however, lead to steaks that were 
darker and less red than PM48 steaks. Further work needs to 
be done to quantify the total shelf-life advantage of 
fabricating and packaging beef cuts as soon as sufficient 
tenderness has developed.
Ozone was effective in reducing the number of viable 
microbial cells from pure culture solutions inoculated on 
agar. The overall results of the present study conclude 
that ozonated gas can effectively kill spoilage (P. 
aeruginosa) and fecal contaminant [E. coli) organisms.
Further work with meat and food products needs to be
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conducted to determine the efficacy and to identify any 
detrimental effects that might exist with other quality 
traits of foods. Since exposure time does not seem to 
influence the lethality of ozone on inoculated cultures, 
lethal concentrations need researching in conjunction with 
varying temperatures and relative humidities. Extremely 
humid ozonated gases or mists need testing for microbial 
reduction properties since ozonated water and ice are 
effective at much lower concentrations than gaseous ozone.
This study, using pure cultures on agar, should give insight 
into guidelines for future research using food products for 
testing the effectiveness of ozone for the reduction of 
microorganisms.
The final study did not confirm the effect of 2500 ppm 
ozone on inhibiting microbial growth in ground beef patties.
No differences were found among NITROGEN, OXYGEN, and OZONE 
treatments for total plate, total generic E. coli, and total 
generic coliform counts, but all MAP treatments with 20* CO: 
had lower (P < 0.01) counts than for patties in VP.
HunterLab 'a' values (redness) and subjective scores for 
redness on day 10 were highest (P < 0.01) for patties in N: 
and lowest (P < 0.01) for 0: and 03. Patties stored in 0;. 
and VP were lowest in off-flavor. Patties in VP were lowest 
in off-odor. Patties in 0; exhibited the greatest oxidative 
instability (TBARS). The bacteriostatic influence of C0:
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was observed across all MAP scenarios as compared with VP.
The absence of the antimicrobial influence of 0:. on bacteria 
could be due to a number of factors. The total surface area 
of the ground beef would allow more opportunity for the 0:. 
molecule to react with meat tissue versus a microbial cell. 
Since the 0̂  will react with and oxidize any organic 
substance, whether protein, fat, microbial, the reactivity 
could be lost on the meat itself. After comparing the 
effectiveness of ozonated water at much lower concentrations 
versus ozonated gas, relative humidity must also have an 
influence on zhe efficacy of 0;. on microorganisms. Overall, 
shelf-life traits of beef products packaged in MAP were 
equal or superior to conventional VP/overwrap systems for 
microbial growth and color stability. The ideal combination 
of a gas mixture to promote shelf-life and a bright red 
color still is not apparent and a two-stage approach is more 
feasible at this time to increase shelf-life while providing 
retail red meat attractive to consumers.
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Table A.3.1 - Analysis of variance for shear force for beef
semimembranosus steaks
Source df Type III SS Pr > F
ANIMAL n 60.54523276 0.0001
FA3 . 242.52944593 0.0001
PKG 2 53.77033978 0.0001
FAB* PKG o/ 11.08968393 0.1240
DAY 3 137.71372295 0.0001
FAB* DAY 18.45877722 0.0325
PKG* DAY 16.62460369 0.3881
FAB*PKG* DAY 4 4.83446741 0.7610
Table A.3.2 - Analysis of variance for shear force for beef 
semimembranosus steaks using FAB*PKG as an error term
Source df Type III SS Pr > F
FAB 1 242.52944598 0.0221
PKG 2 53.77033978 0.1710
Table A.3.3 - Analysis of variance for shear force for beef 
semimembranosus steaks using FAB*PKG*DAY as an error term
Source df Type III SS Pr > F
DAY 3 137.71372295 0.0021
FAB* DAY O 18.45877722 0.0431
PKG* DAY ir* 16.62460369 0.2208
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Table A.3.4 - Analysis of variance for headspace oxygen 
concentration for MAP beef semimembranosus steaks
Source df Type III SS Pr > F
ANIMAL n 1.33390539 0.7827
FAB 1 0.41160311 0.6983
ANIMAL* FAB 2 2.95464730 0.5829
PKG 1 17.15596977 0.0150
FAB*PKG 1 2.89380867 0.3062
DAY 2 43424.25717509 0.0001
FAB* DAY 2 1.05949460 0.8230
PKG* DAY 2 39.91172032 0.0015
Table A.3.5 - Analysis of variance for headspace ca
dioxide concentration for MAP beef semimembranosus
Source df Type III SS Pr > F
ANIMAL 2 0.39154171 0.5969
FAB 1 0.70582551 0.1764
ANIMAL* FAB 2 3.99967440 0.0079
PKG 1.65265988 0. 0409
FAB*PKG ]_ 0.62939177 0.2013
DAY 2 3.77893319 0.0101
FAB* DAY 2 1.09939719 0.2409
PKG*DAY 2 0.06979326 0.9114
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Table A. 4.1 - Analysis of variance for microbial growth 
after exposure to 0, 100, 1000, 5000 ppm ozone gas
Source df Type III SS Pr > F
REP 1 0.15215367 0.3466
MO i 7.27531099 0.0001
MC’REP j_ 0.17426405 0.3145
CONC 3 10 .48152870 0.0001
TIME 2 0.01234057 0.9631
CONC*TIME 6 1.06663159 0.4041
MO*CONC 3 0.05336535 0.9541
MO*TIME 2 0.22244392 0.5183
MO*CONC*TIME 6 0.44430332 0.3345
Table A.4.2 - Analysis of variance for microbial gr
after exposure to 0, 1000, 2500, 5000 ppm ozone gas
Source df Type III SS Pr > F
REP 1 1.19795602 0.0049
MO 1 2.47929752 0.0002
MO*REP 1 0.00268502 0.3336
CONC 3 12.63124973 0.0001
TIME 2 0.09045904 0.6953
CONC*TIME 6 0.76457996 0.4261
MO*CONC 3 1.35970290 0.0269
MO*TIME 2 0.43279179 0.1941
MO*CONC*TIME 6 0.55643754 0.6104
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Table A.5.1 - Analysis of variance for total plate counts
for MAP ground beef
Source df Type III SS Pr > F
REP 7 0.01087813 0.3415
PKG 3 0.78298433 0.0001
MG 0.00000313 0.9869
PKG*MO 3 0.12725937 0.0339
DAY 1 6.08132813 0.0001
DAY*PKG 3 0.17538438 0.0117
DAY* MG 1 0.03062812 0.1200
DAY*PKG*MO 3 0.09343438 0.0734
Table A.5.2 - Analysis of variance for total colifo
for MAP ground beef
Source df Type III SS Pr > F
REP 0.00577812 0.6101
PKG 3 0.63100937 0.0008
MG 1 0.74115312 0.0001
PKG*MO 3 0.20303438 0.0549
DAY 1 4.25590313 0.0001
DAY*PKG 3 0.75198438 0.0003
DAY*MO 1 1.16662812 0.0001
DAY*PKG*MO 0.27980933 0.0211
Table A.5.3 - Analysis of variance for total E. coli counts 
for MAP ground beef
Source df Type III SS Pr > F
REP 0.01805000 0.3966
PKG 3 0.13816250 0.0869
MO 0.07031250 0.1055
PKG*MG 0.18756250 0.0875
DAY 7 0.09461250 0.0642
DAY*PKG 3 0.01446250 0.8924
DAY*MO I 0.07411250 0.0973
DAY* PKG*MO 3 0.09726250 0.2905
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Table A. 5.4 - Analysis of variance for headspace carbon
dioxide gas concentration for MAP ground beef
Source df Type III SS Pr > F
REP 1 0.39724133 0.6965
PKG 2 3.09692413 0.5528
MO 1 7.68088532 0.0941
PKG*MO 2 3.57392418 0.2051
DAY 4 133.12484744 0.0001
DAY*PKG 3 96.76277291 0.0010
DAY*MO 4 8.50973633 0.5164
DAY*PKG*MO 5 39.30343958 0.0964
Table A.5.5 - Analysis of variance for headspace ox
concentration for MAP ground beef
Source df Type III SS Pr > F
REP 1 1.18775862 0.7764
PKG 2 34001.73788765 0.0001
MO 1 36.17673640 0.1248
PKG*MO 2 55.75945755 0.1640
DAY 4 13866.52328892 0.0001
DAY*PKG 3 8323.21737574 0.0001
DAY*MO 4 20.20684448 0.3420
DAY*PKG*MO 3 189.76146583 0.1577
Table A.5.6 - Analysis of variance for TBA numbers
ground beef
Source df Type III SS Pr > F
DAY 4 53.51334768 0.0001
PKG 3 10.90298330 0.0001
DAY*PKG 12 1.92394082 0.0093
MO 1 0.74961920 n, rthi a. o u l u
DAY* MO 4 0.39543717 0. 1771
PKG*MO 3 0.76791730 0. 0101
DAY*PKG*MO 12 1.47692933 0.0427
REP 1 0.05020020 0.3632
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Table A.5.7 - Analysis of variance for panel evaluation of
subjective redness for MAP ground beef
Source df Type III SS Pr > F
PNLST n 0.29166667 0.1507
REP 0. 00000000 1.0000
PKG 3 26.41666667 0.0001
DAY 140.08333333 0.0001
DAY*PKG 3 40 . 41666667 0.0001
Table A. 5.8 - Analysis of variance for panel evaluation of 
subjective discoloration for MAP ground beef
Source df Type III SS Pr > F
PNLST 2 2.79166667 0.0962
REP 1 0.02083333 0.8480
PKG 3 10.72916667 0.0013
DAY 1 336.02083333 0.0001
DA.Y*PKG n 10.12916661 0.0013
Table A.5.9 - Analysis of variance for panel evalua
subjective off odor for MAP ground beef
Source df Type III SS Pr > F
PNLST 2 3.12500000 0.0561
REP 1.33333333 0.1113
PKG 3 69.16666667 0.0001
DAY 30.08333333 0.0001
DAY*PKG 3 31.75000000 0.0001
Table A.5.10 - Analysis of variance for panel evaluation of 
subjective beef flavor for MAP ground beef
Source ar Type III SS Pr > F
PNLST 2 1.12500000 0.5646
REP 1 2.52083333 0.1153
PKG 3 15.22916667 0.0041
DAY 0. 18750000 0.6626
DAY*PKG 3 14.39533333 0.0055
Table A.5.11 - Analysis of variance :for panel evalu
subjective off flavor for MAP ground beef
Source df Type III SS Pr > F
PNLST n 21.37500000 0.0013
REP X 0.33333333 0.6211
PKG 3 27.83333333 0.0008
DAY t_ 5.33333333 0.0535
DAY*PKG 3 31.50000000 0.0004
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Table A.5.12 ■- Analysis of variance for HunterLab '
of MAP ground beef
Source df Tvoe III SS Pr > F
REP ■t 2.15482000 0.1528
PKG 3 162.91214500 0.0001
MO 0.17672000 0.6792
PKG*MO 3 3.68725000 0.3199
DAY 4 394 .07531750 0.0001
DAY*PKG 12 66.33909250 0.0001
DAY*MO 4 1.91994250 0.7563
DAY* PKG*MO 12 15.28843750 0.2854
Table A.5.13 -- Analysis of variance for HunterLab '
of MAP ground beef
Source df Type III SS Pr > F
REP 0.00595125 0.8387
PKG 3 106.32349375 0.0001
MO 1 0.22366125 0.2165
PKG*MO 3 0. 39728375 0.1146
DAY 4 1265.66841250 0.0001
DAY’PKG 12 473.19223750 0.0001
DAY*MO 4 0.46473250 0.5205
DAY*PKG*MO 12 1.57149750 0.5332
Table A.5.14 -- Analysis of variance for HunterLab ']
of MAP ground beef
Source df Tvoe III SS Pr > F
REP 1 0.09112500 0.3906
PKG 3 13.42344500 0.0001
MO 1 0.49612500 0.0497
?KG*MO 3 2.24414500 0.0015
DAY 4 59.42245500 0.0001
DAY*PKG 12 28 . 54495500 0.0001
DAY*MO 4 0.13210000 0.8239
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in September, 1985, and graduated with a Bachelor of Science 
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he enrolled in the Graduate School at Auburn University and 
completed the Master of Science degree in Animal and Dairy 
Sciences in June, 1991. Brian was hired by the Louisiana 
State University Agricultural Center in March, 1991, as a 
Research Associate and served as the Muscle Foods Laboratory 
Manager. He enrolled in the Graduate School in August,
1991, to pursue the doctor of philosophy degree in Animal 
Science. Employment has been as Director of Technical 
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December, 1997.
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